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Introduction
[bookmark: _Ref421460494]During the last RAN1 meeting, the following agreements were made and specified regarding the study of introduction of Wake-Up Signals (WUS) for the improvement of power efficiency and latency reduction in feNB-IoT:
Agreement:
· 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
· Dynamic USS periodicity
· The use of the technique can be semi-statically enabled/disabled by the network

In this contribution, we provide an evaluation of the power efficiency and resource overhead of introducing wake-up signals that do and don’t require DL synchronization as specified in [1]. We also provide a comparison of wake-up signals accompanied with a payload that basically reduce the probability of a UE checking the NPDCCH for every paging message sent at the PO monitored by the given UE.

Power Analysis for NB-IoT use case 
0. Power model assumptions for Paging and Wake-up signals
Figure 1 shows the power model for NPDCCH monitoring during Idle eDRX particularly, for shorter paging cycles <=10.24 seconds. As can be seen, the feNB-IoT Rx spends some time denoted by Trx_wakeup_ls to transition from low-power state (for short DRX cycles, we assume it’s in light sleep state) to active state. After the transition to active state, it performs synchronization using NPSS and NSSS and then searches for the P-RNTI scrambled paging message within the NPDCCH common search space.  

 
[bookmark: _Ref425337423]Figure 1: Idle eDRX.


Figure 2: Using a separate WUR with no prior DL synchronization required to monitor WUS for NPDCCH wake-up

0. Wake-up signals  
There are several ways a wake-up signal may be designed. We examine 3 cases here. 
In case 1, we  define a new wake-up signal (WUS) that uses the existing DL synchronization mechanisms and allows the UE to obtain information regarding whether it needs to read the NPDCCH or not. For this WUS, we use the parameter Twur_1bit where the signal carries only 1-bit information and may be some type of sequence such as ZC-sequence that can be matched against a stored sequence. The WUS in this case does not serve any synchronization functionality. 
In case 2, we use a separate Rx, called wake-up receiver (WUR), to detect the 1-bit wake-up signal without any prior DL synchronization and here, we assume that the Twur_1bit  without DL synchronization we assume that the Twur_1bit requires twice as many number of repetitions as Twur_1bit in case 1 to be detected correctly..
In case 3, we go further and have the WUS be structured such as to consist of a preamble followed by a short payload. The WUS preamble enables the UE to gain time and frequency synchronization so as to be able to decode the payload attached to it. The payload may carry additional information so as to for e.g. reduce the number of times the UE must wake up to read the NPDCCH in case the Paging message is not directed to itself.   
Figure 2 shows the model used for a wake-up signal for case 2 and case 3. Our assumptions are as follows:
1. The WUR may be a separate BB hardware consisting of very limited logic which can be powered on relatively quickly from a deep sleep state so as to receive the wake-up signal.
2. The wake-up signal is pre-set in terms of its time/frequency resource allocations and needs to fulfill the assumptions specified within the evaluation methodology in [1]. It may consist of a pre-determined signal pattern which can be correlated against a sample at the WUR and thus detected relatively quickly as compared to NPDCCH (no blind decoding involved, no searching involved for SS).
3. The WUS may or may not consist of a short payload (instead of 1 bit, use x bits) which may contain additional information to indicate the group of the specific UEs being signaled to, e.g. some form of further identifier such as WUS_ID to reduce the number of wake-ups for a given PO for the main receiver. 
4. On the detection of a WUS by the UE in its pre-determined slot, the UE will wake up the main feNB-IoT Rx to read the NPDCCH. Thus, the NPDCCH follows a little later after the WUS to account for the delay in waking up the main Rx as shown in Figure 2.

	Operating mode
	Power [units/ms]
	Notes

	Receive
	100
	RF and baseband circuitry

	Light sleep
	1
	Corresponds to maintaining accurate timing by keeping RF frequency reference active.

	Idle, deep sleep
	0.015
	Deep sleep during PSM and eDRX

	WUR Receive
	90
	WUR RF and baseband circuitry

	Trx_wakeup_ds
	500 ms
	Boot, reload memory for NB-IoT Rx BB , wake up time from Deep Sleep state

	Trx_wakeup_ls
	10 ms
	Time to wake up NB-IoT Rx from light sleep

	Trx_sync
	40, 80, 620 ms
	Time spent acquiring DL synchronization reading NPSS/NSSS for NB-IoT Rx for different MCL targets

	Trx_pdcch
	1, 16, 32, 1024, 2048
	Number of repetitions for reading NPDCCH for PO depending on different MCL targets

	Twakeup_wur
	10 ms
	Time to wake up WUR BB and associated RF

	Twur_1bit *
	1, 2, 20
	Number of repetitions for WUS, when using a 1-bit WUS with DL synchronization

	Twur_1bit *
	1, 4, 40
	Number of repetitions for WUS, when using a 1-bit WUS without prior DL synchronization

	Twur_payload*
	2, 16, 164
	Number of repetitions for WUS, when using a WUS with a payload 







Table 1: Power consumption assumptions for I-eDRX and WUR
Note: * The Rmax values are estimates and not fully analysed for all channel impairments

As defined in the evaluation methodology and assumptions specified in [1], Table 1 contains the power model for the main feNB-IoT Rx in its various power states, as well as the power model for the addition of a WUR, and the various time intervals to describe the transitions between the defined power states. 

0. Results
Assuming that a Paging message arrives at the PO being monitored for the WUS every x% of DRX cycles, where x = 1%, 10%, the reference use case described in [1] is analyzed where the UE monitors the NPDCCH. The cost of reading the NPDSCH is not included here. The power consumption is calculated as specified in [1] and for resource usage, we have only calculated the amount of resource spent on wake-up signalling/UE w.r.t paging. Note this method of calculation does not take all the UEs in the system into account.
Case 1: 1-bit WUS with DL synchronization, Light Sleep mode, no separate WUR
In case 1, we assume that the UE does not have a separate specialized WUR, and that it uses its existing feNB-IoT receiver to acquire DL synchronization as usual, but instead of reading the NPDCCH, it reads the WUS. If the WUS is present, then it checks the NPDCCH, otherwise it skips monitoring the NPDCCH.

[image: ][image: ]
Figure 3a: Case 1:  1% of DRX cycles with P-RNTI         Figure 3b: Case 1: 10% of DRX cycles with P-RNTI
[image: ]
Figure 4: Case 1: Relative resource overhead calculation for WUS

Observation 1: In the case the WUR needs to acquire DL synchronization, its power savings are pretty much negligible for UEs in normal coverage areas. 
Observation 2: In case 1, significant power saving gains are mostly seen in the case of extreme coverage enhancement conditions, where the gains are about 65% for a UE in 164 MCL and less, about 10-15% for UEs in 154 MCL. These gains reduce as the number of paging messages not meant for a UE increases, as can be observed by comparing Figure 3a and 3b, where paging messages increase from 1% in 3a to 10% in 3b. 
Observation 3: While the WUS doubles the resources assigned for UEs in normal coverage, it provides very limited power savings. The relative resource overhead cost for UEs in coverage overhead ranges from 10%-2%.

Case 2: 1-bit WUS with no prior DL synchronization, separate WUR, Deep Sleep mode
The following Figures 5a, 5b, and 6 show the power consumption benefits of WUS vs. Paging and the corresponding resource overhead using a 1-bit WUS with no prior DL synchronization as described in section 2.2.
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Figure 5a: Case 2: 1% of DRX cycles with P-RNTI         Figure 5b: Case 2: 10% of DRX cycles with P-RNTI
[image: ]
Figure 6: Case 2: Relative resource overhead usage.

Observation 1: In case 2, when only 1% of DRX cycles actually have a paging message, the 1-bit WUS with no DL synchronization provides significantly better power savings (60% - 95%) to UEs in all coverage conditions. 
Observation 2: As the frequency of a UE receiving a paging message not meant for itself increases, there is a steep power consumption penalty paid when using a 1-bit WUS as it must wake up many times to check the NPDCCH even if the IAT for its own traffic is a couple of hours. The power savings drop from a gain of 60% for UEs in 144dB MCL to worse performance than paging especially for the case when the UE has a DRX cycle 1.28s. 
Observation 3: WUS with no DL synchronization provides much better gains than case 1 with no significant resource overhead increase.

Proposal 1
· Support wake-up signal for feNB-IoT.
· Consider a wake-up signal design which does not require DL synchronization. 
· A wake-up signal that does not require prior DL synchronization shows significant power saving (60-95%).

Case 3: WUS w/o DL synchronization, payload, separate WUR, Deep Sleep mode
In case 3, the WUS is similar to case 2 in that it does not require DL synchronization. The WUS in this case consists of two parts, namely a preamble with a payload attached to it. The UE uses the preamble to obtain time and frequency synchronization to decode the payload attached to it.
[image: ][image: ]
Figure 7a: Case 3: 1% of DRX cycles with P-RNTI        Figure 7b: Case 3: 10% of DRX cycles with P-RNTI

Observation 1: In case 3, as the WUS reduces the frequency of checking the NPDCCH even further due to the additional information carried in the payload, the power savings improve substantially, from 60% for UEs in normal coverage to nearly 2x power savings for UEs in coverage enhancement conditions.
[image: ]
Figure 8: Case 3: Relative resource overhead usage.

Observation 2: In case 3, the relative resource overhead per UE remains low due to the more targeted and specific use of the WUS for UEs in smaller groups which means it’s sent less often even though each instance of the WUR requires larger resources.

Proposal 2
· The WUS with a short payload associated with it should be further explored for feNB-IoT WUS design. 
· The WUS with a short payload carrying information to indicate a specific UE group to wake up provides significant power saving, e.g. ~2x for coverage enhanced UEs.

Conclusions
In summary, we conclude that WUS can provide significant power savings at very low latency, especially for IoT applications where DL reachability is desirable and where the DL traffic is somewhat infrequent. We summarized our views in the following proposals:

Proposal 1
· Support wake-up signal for feNB-IoT.
· Consider a wake-up signal design which does not require DL synchronization. 
· A wake-up signal that does not require prior DL synchronization shows significant power saving (60-95%).

Proposal 2
· The WUS with a short payload associated with it should be further explored for feNB-IoT WUS design. 
· The WUS with a short payload carrying information to indicate a specific UE group to wake up provides significant power saving, e.g. ~2x for coverage enhanced UEs.
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