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1. Introduction
In RAN#75 a new work item (WI) named Further NB-IoT enhancements [1] was introduced. One of the objectives of the WI includes power consumption reduction for physical channels. Specifically, the aim is to study and, if found beneficial, specify for idle mode paging and/or connected mode DRX, physical signal/channel that can be efficiently decoded or detected prior to decoding NPDCCH/NPDSCH.

In  RAN1 #86bis the following was agreed: 
· 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
Additionally, the reference scenarios, power models, and simulation assumptions to be used were also agreed in [5].

In this contribution, we provide our views on introducing a new physical channel (“wake up signal”) that UE can monitor prior to monitoring NPDCCH which informs UE whether to monitor NPDCCH or not. We cover use cases, analysis of power savings, as well as some PHY/MAC design aspects of the wake-up signal. In this contribution, we focus on the paging use case. However, the techniques do apply to connected mode DRX as well.
 
2. Wake-up Receiver Architecture



Figure 1: Typical idle mode processing (no paging case)
Typical processing at UE when it is in idle mode is shown in Fig. 1. The UE monitors for page in its paging occasions which are configured periodically with a period equal to the DRX cycle. The UE is in a sleep mode prior to its paging occasion. It wakes up slightly earlier than its paging occasion to obtain timing/frequency sync and reconfirm the serving cell. Once it has timing/frequency sync, it goes on to monitor the NPDCCH. If there is no page (which is the case in Fig. 1), the UE goes back to sleep until the next paging occasion. The amount of time UE is awake includes the time for sync, time for monitoring NPDCCH, as well as some wake up and ramp down time. Since the NPDCCH payload contains several bits, the time to decode NPDCCH can span several 10s of subframes. 
The awake time of the UE can be substantially reduced by sending, for example, a “1-bit” wake up signal that lets the UE know whether it should monitor the NPDCCH or not. As shown in Fig. 2, if UE doesn’t detect the wake-up signal (or it decodes it and the wake-up signal indicates no NPDCCH present) the UE does not monitor the NPDCCH. Since the length of the wake-up signal is expected to be much smaller than that of NPDCCH (as it effectively conveys much fewer bits) the UE awake time is significantly reduced and hence the corresponding power consumption. 


Figure 2 : Idle mode processing with wake-up signal (no paging case)

Fig. 3 shows the processing when a page is sent to the UE. The UE is expected to detect / decodes the wake-up signal, go on to monitor NPDCCH, and then associated PDSCH. 



Figure 3 : Idle mode processing with wake-up signal when UE is paged

The wake-up signal also enables use of much more power efficient HW architectures. One example is shown in Fig. 4. NPDCCH monitoring involves complex basedband processing but detection of wake-up signal may be possible by new low power wake up receiver (e.g. that maybe does just correlations). The wake-up receiver runs only to detect the wake-up signal. The full baseband modem is turned on only when the wake-up signal is detected. This enables extracting even more gains than just those obtained by reducing the awake time. Note that the wake-up receiver and baseband modem block-level partitioning shown in the Fig. 4 is conceptual and there are a number of ways to realize in actual HW implementation, including operating WUS detection as a low power mode functionality of the modem.


Figure 4 : Wake up receiver architecture

3. Use Cases and Power Analysis 
3.1. Use Case
The wake-up signal / receiver is primarily targeted towards MT data traffic use case where page monitoring power is a dominant source of power consumption. The following was agreed in [5] for the reference use case – “The reference scenario is a UE that monitors the NPDCCH transmission, but is not receiving a PDSCH. This includes both idle and connected mode. In idle mode a page for another UE is present 0% and x% of the cases.” We focus on the 0% case for now as we believe x can be made fairly small by configuring sufficient number of wake-up signal resources. 
The agreements in [5] however didn’t cover the DRX cycles for which the power savings have to be studied. The wearables use case from [2] can probably be considered to study the potential benefits of the wake-up signal. The details for this use case is summarized in Table 1. We however assume no UL data transfers as well in line with the agreements in [5]. Since only a small amount of data is sent once every 2 hours, we don’t expect the trend in the results to change significantly due to this simplification.  
Table 1: Use Case
	Use case
	Wearable [2]

	Traffic Characteristic Description
	MT 100 bytes + 20 byte ACK. 1 message per 2 hours

	Latency (paging cycle)
	5 seconds

	MCL
	144 dB

	Battery life
	Coin Cell : 1 year
Rechargeable : 2 weeks



3.2. Power Models
[bookmark: _Ref450724035]The power models and simulation assumptions to be used for analysing the power savings were also agreed in [5] and are shown in Table 2 and Table 3 below. Note that these models are used to obtain a rough estimate of power savings and may not represent the actual power consumption/savings. 
Table 2: Power Model
	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

	Transitions between states
	To be declared (we assume 50)
	Boot, reload memory etc. See below illustration.



Table 3: Simulation Assumptions
	Parameter
	Value

	BS TX antenna configuration
	1Tx for standalone, 2 Tx for in-band/guard-band

	BS power
	43 dBm for stand-alone, 35 dBm for in-band/guard-band

	System BW
	180 kHz

	Band
	900 MHz

	Channel model 
	TU

	Doppler spread 
	1 Hz

	Time/frequency drift, in idle mode
when not relying on DL synchronization
	[0.05] ppm/s

	Maximum frequency error, in idle mode 
when not relying on DL synchronization
	[±20] ppm

	Frequency error, 
when relying on DL synchronization
	±50 Hz 

	UE RX antenna configuration
	1 Rx

	*UE NF
	5dB, 9 dB

	Coupling loss
	144, 154, 164 dB



Note that in the power model the light sleep mode power and the standby/deep sleep mode power are substantially different. The wake-up time from the stand-by/deep sleep mode to active mode can be very significant (e.g. in [4] it is assumed to be 150ms) and hence UE is expected to move to deep sleep mode only when the savings in sleep power is more than the power spent on wake-up every DRX cycle. For example, assuming 150ms warm up time, UE would use deep sleep mode only when the sleep duration T ms is such that T x difference in sleep power (1-0.015) units is larger than 150ms (warm up time) x warm up power (100/2) units (assuming warm up power is half of active power), i.e., T >= 7.5 seconds.
We assume a total time of 20ms for warm up and ramp down from light sleep to receive and study both 200ms and 2 second switching time for deep sleep to receive.
3.3. Power Analysis
In this section, we analyze the power savings with a wake-up signal assuming a simplistic model of UE only monitoring paging but not receiving any page. The savings are studied as a function of different NPDCCH Rmax and DRX cycles. The other assumptions made are as follows. We assume that the sync duration is 80ms for large Rmax and smaller for smaller Rmax. For the wake-up signal we assume the length is equal to length of time needed for SYNC+ Rmax/16. The inherent assumption here is that the wake-up signal has only one bit but NPDCCH has 30+ bits payload including CRC and hence Rmax/16 number of subframes should be sufficient for the wake-up signal. We should note that the sync is likely to be based on NPSS/NSSS which occur once every 10ms/20ms etc. If the sync can also be done through the wake-up signal on contiguous subframes, the number of subframes for the wake-up receiver will be even smaller. The detailed assumptions are also summarized below:-
Table 4: Power Analysis Parameters
	Parameter
	Value

	Rmax
	[32,64,128,256,512,1024]

	DRX 
	128,256,512 frames

	SYNC duration (after light sleep)
	80ms for Rmax >=512
40ms for 128<=Rmax<512
20ms otherwise

	SYNC duration (after deep sleep)
	16x SYNC duration of light sleep

	Wake up signal length
	SYNC duration + Rmax/16

	FA rate for WU signal detection
	2%


The resulting power savings computed due to savings in awake time is shown in the Fig. 5 below. The results are assuming the sleep mode is light sleep mode (i.e. not the deep sleep/standby mode). The savings of course will be significantly higher (closer to 80-90% always) if we can assume UE can go to deep sleep mode without significant switching time.

[image: ]
Figure 5: Power savings with wake-up signal due to reduced awake time
The assumptions in Table 3 are used to determine the Rmax of interest. We use NF of 9dB here. In 36.101, NPDCCH with repetition of 512 for ETU1Hz for 2Tx is expected to be decoded at -10 dB SNR and with repetition of 1024 for ETU1Hz for 1Tx is expected to be decoded at -11.5 dB SNR. The repetition levels in the table below are extrapolated based on that and assuming 2.5dB gain per doubling of repetition level. 
Table 5: Mapping of MCL to SNR and Rmax
	MCL (dB)
	SNR (dB) Standalone
	Required Rmax (assuming ETU 1Hz, 1Tx)
	SNR (dB) inband / guardband
	Required Rmax (assuming ETU 1Hz, 2Tx)

	144
	11.5
	2
	3.5
	16

	154
	1.5
	32
	-6.5
	256

	164
	-8.5
	512
	-16.5
	2048


Hence for the 5 second DRX cycle case at MCL of 154 dB for inband case and MCL of 164 dB in standalone case we see savings of 60-75%. It should also be mentioned that on anchor carrier, UE will have to skip NPSS/NSSS/NPBCH subframes etc which would make the effective on time higher (which isn’t modelled here). If a non-anchor carrier is used instead, since it is not power boosted, the SNR will drop by 6dB (effectively required Rmax increases by a factor of 4). The savings would hence be higher than what is shown. We should also note that for the lower MCL, although the required Rmax is small for scheduling flexibility the eNB may configure larger Rmax than the minimum required Rmax and hence the power savings there could also be substantial.
The power distribution and savings with wake up signalling for Rmax = 256 and 5 second DRX cycle is shown in the Figure below. 
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Figure 6 : Power breakdown with and without wake up signal (Rmax = 256, DRX cycle = 5sec)
Observation 1: In the page monitoring dominated use cases, wake up receiver signalling provides gains of 60-75% for the 5 second DRX cycle case at MCL of 154 dB for inband case and MCL of 164 dB in standalone case.
3.3.1.  Power consumption as function of Rmax
In Fig. 7 we plot the power consumed for a given DRX cycle as function of Rmax corresponding to power model 1. As can be seen, since the WUR signal is much smaller in length than the NPDCCH, the impact of Rmax on the power consumption is significantly reduced. Hence, use case such as wearables can be enabled for deeper coverage without significantly impacting the overall power consumption and battery life of the device.
[image: ]
Figure 7: Idle mode power consumption as function of Rmax
Observation 2: Use of wake-up signal makes the power consumption less sensitive to MCL enabling the use cases to operate at higher MCL without significantly impacting the battery life. 

3.3.2.  Power savings with eDRX
The percentage power savings in eDRX mode depends on the switching time between deep sleep mode to sleep mode which depend on the HW architecture. In the following figures we show the power savings and power breakup for switching time of 200ms and 2 seconds as function of the number of PDCCH search spaces within one eDRX cycle (i.e. as function of PTW). 
[image: ][image: ]
Figure 8 : Power savings with eDRX cycle of ~30mins as function of PTW
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Figure 9 : Power breakup with eDRX cycle of ~30mins assuming deep sleep to receive switch time of 200ms
[image: ]
Figure 10 : Power breakup with eDRX cycle of ~30mins assuming deep sleep to receive switch time of 2 secs.
The percentage savings when UE is configured in eDRX mode are smaller but still quite significant. For example, depending on the assumptions on the switching time, the savings for Rmax of 256 and PTW of 4 are between 30 to 40%.
Observation 3: In the page monitoring dominated use cases, wake up receiver signalling provides gains of 30-40% in eDRX mode with eDRX cycle of 30 mins and PTW of 4 at MCL of 154 dB for inband case.
Based on observation 1, 2, and 3 we do see clear benefits of introducing wake up signal. We hence make the following proposal. 
Proposal 1: A new physical channel that carries the wake-up signal is introduced for NB-IoT. If the wake-up signal is configured for the UE in idle mode/connected mode DRX, the UE is required to decode the control channel only when the wake-up signal is detected.  
4. Wake-up signal resource configuration
In this section, we present our views on configuration of the wake-up signal resource (WUSR) and mapping to UE groups/NPDCCH search space to it. The proposed operation is shown in Fig. 11. We propose that a group of WUS resource occasions is configured with a certain periodicity. In each occasion, there are one or more WUS resources configured. UE determines the WUS resource to monitor based on UE-ID/RNTI/Rmax etc. The WUS indicates the presence or absence of NPDCCH for a group of subframes. For example, in Fig. 11, the WUS resources shown in a particular colour indicate the presence / absence of NPDCCH on subframes of the same colour.  
The motivation for having multiple WUS resources per occasion is as follows. If the paging probability system wide itself is very low (e.g. only 1 occasion out of 10 have any paging present), we can just configure 1 WUS resource in each occasion. All UEs would wake up in the occasion if any UE got paged. However, since this is infrequent UE would still save power. On the other hand, if every occasion has at least one UE being paged, with just 1 WUS resource in each occasion, all UEs will be on all the time – no power saving (actually extra power consumed for WUS resource monitoring). It is hence important to split UEs into different WUS resources.
 


Figure 11: Configuration of wake-up signal resource
Proposal 2: Wake up signal resource occasions are configured with certain periodicity. In each occasion, multiple wake up signal resources can be configured which all correspond to the same set of subframes. Different UEs may monitor different wake up signal resources within the same occasion.
5. Summary
The observations and proposals made in this contribution are summarized below.
Observation 1: In the page monitoring dominated use cases, wake up receiver signalling provides gains of 60-75% for the 5 second DRX cycle case at MCL of 154 dB for inband case and MCL of 164 dB in standalone case.
Observation 2: Use of wake-up signal makes the power consumption less sensitive to MCL enabling the use cases to operate at higher MCL without significantly impacting the battery life. 
Observation 3: In the page monitoring dominated use cases, wake up receiver signalling provides gains of 30-40% in eDRX mode with eDRX cycle of 30 mins and PTW of 4 at MCL of 154 dB for inband case.
Proposal 1: A new physical channel that carries the wake-up signal is introduced for NB-IoT. If the wake-up signal is configured for the UE in idle mode/connected mode DRX, the UE is required to decode the control channel only when the wake-up signal is detected.
Proposal 2: Wake up signal resource occasions are configured with certain periodicity. In each occasion, multiple wake up signal resources can be configured which all correspond to the same set of subframes. Different UEs may monitor different wake up signal resources within the same occasion.
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