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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 #89 the following was agreed [4]: 
· A physical signal/channel indicating whether the UE needs to decode subsequent physical channel(s) is introduced, at least for idle mode paging. Candidates for the signal/channel are:
· Wake-up signal or DTX
· Go-to-sleep signal or DTX
· Wake-up signal with no DTX
· Downlink control information
· FFS whether synchronization to the camped-on cell is assumed for detecting/decoding WUS/GTS, depending on the (e)DRX cycle length
· Design details are FFS
· Connected mode DRX is FFS

In previous meeting, the reference scenarios, power models, and simulation assumptions to be used were also agreed in [3].

In this contribution, we provide our views on the design of 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. Finally, we also discuss the considerations specific to connected mode DRX.
 
2. Wake-up Receiver Architecture



[bookmark: _Ref490169246]Figure 1: Typical idle mode processing (no paging case)
Typical processing at UE when it is in idle mode is shown in Figure 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 Figure 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 Figure 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. 


[bookmark: _Ref490169298]Figure 2 : Idle mode processing with wake-up signal (no paging case)

Figure 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. 



[bookmark: _Ref490169322]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 Figure 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 Figure 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.


[bookmark: _Ref490169342]Figure 4 : Wake up receiver architecture

3. Power Analysis 
For details of the power models used for simulation, please refer to Appendix.
3.1. Power Saving with Idle Mode DRX
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. Without loss of generality we discuss wake-up signal hereafter but the analysis is agnostic to whether wake-up signal or go-to-sleep signal is used, because the workload performed by the UE is identical in either case. 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:-
[bookmark: _Ref490169723]Table 1: Power Analysis Parameters
	Parameter
	Value

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

	DRX 
	1280,2560,5120 subframes

	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 Figure 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.
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[bookmark: _Ref490164417]Figure 5: Power savings with wake-up signal due to reduced awake time
The assumptions in Table 1 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 2: 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


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%. 
Observation 1: The percentage power saving due to wake-up signalling is more substantial for larger value of Rmax corresponding to higher MCL. On the other hand, the percentage saving is inversely proportional to the length of the DRX cycle.

3.1.1.  Power savings with Idle Mode 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 breakdown 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). 
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[bookmark: _Ref490164436]Figure 6 : Power savings with eDRX cycle of ~30mins as function of PTW

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 2: For a given eDRX cycle, the percentage power saving is proportional to PTW: Smaller PTW leads to less power saving. 
Based on results shown in Figure 5 and Figure 6, the power saving benefits of wake up signalling is evident across idle mode DRX and eDRX. Note again that above analyses are based on zero paging rate but we expect the conclusion to generally hold true even for realistic paging rate, which would be low according to analysis in [7].

3.2. Power Saving with Connected Mode DRX
From the perspective of power analysis, there is a lot of commonality between idle mode DRX and connected mode DRX, for the “no page” or “no grant” scenario where UE monitors the WUS and does not detect it. We can assume that ON duration is one NPDCCH period (which corresponds to typical C-DRX setting for NB-IOT), so even in the case of false detection of WUS, the resultant PDCCH decoding workload would be the same across I-DRX and C-DRX.
The agreement to introduce wake-up signalling also proposes several signalling candidates [4]. The list includes not only wake-up signal (WUS) and go-to-sleep signal (GTSS), but also downlink control information (DCI). While for idle mode paging, wake-up signal is clearly the best suited candidate, for connected mode DRX, it is worthwhile to at least evaluate the power saving for all candidates. The comparison would be between wake-up signal (WUS) and DCI. From UE power consumption perspective, WUS and GTSS are equivalent. We assume that the length of compact DCI is half of NPDCCH, because the length of WUS is one sixteenth of NPDCCH, compact DCI consumes eight times as much power as WUS. [6] also shares similar power assumptions.
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Figure 7 : Power savings comparison between WUS and DCI
Similar to the results in Figure 5, the percentage power saving is more for higher Rmax. It is less sensitive to DRX cycle but generally the saving is inversely proportional to DRX cycle length. For Rmax = 4, the percentage power saving drops to less than 10%. 
Observation 3: DCI signalling leads to significantly less power saving compared to WUS signalling.
Power breakdown for a particular configuration, DRX cycle = 1024 subframes, and Rmax = 32, is shown in the following.
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Figure 8 : Power breakdown with DRX = 1024 subframes, Rmax = 32, for wake-up signaling
Above analysis assumes zero scheduling rate, i.e. all of the DRX cycles contain no traffic, and hence, no NPDCCH and no WUS transmitted. The effect of non-zero scheduling rate can be intuitively seen. If WUS is detected, UE needs to still decode PDCCH for the grant; WUS can be viewed as costing additional power compared to the baseline case. The source of power saving with wake-up signalling, at least with current modelling assumption, is that PDCCH power can be saved by paying a much smaller price in terms of WUS power, and this allows opportunistically taking advantage of the fact that the UE is not scheduled in most of the DRX cycles.
It follows that if PDCCH invocation rate is high, i.e. due to combined effect of scheduling and WUS false detection, wake-up signalling may incur a net power consumption increase rather than saving. This “break-even” threshold can be stated in terms of the relative power cost of WUS with respect to PDCCH. For example, reusing our modelling assumption that WUS power is x (e.g. 1/16th) of PDCCH power, then for PDCCH invocation rate below (1-x) (e.g. 93.75%), wake-up signalling results in net power saving. PDCCH invocation rate is the sum of the scheduling rate and WUS false detection rate. The false detection rate is a design and configuration parameter. In the example, assuming roughly 2% false detection rate, then wake-up signalling is still beneficial in terms of power consumption if the scheduling rate is below roughly 91%.
It follows that wake-up signalling may not always be more power efficient compared to the baseline. If there is an accurate and reliable way to estimate the scheduling rate, and if the WUR relative power cost is known, it is possible to determine the conditions for enabling or disabling wake-up signalling to avoid a net power loss. However, in practice, accurate estimation and prediction of the scheduling rate may not be always feasible, and enabling of wake-up signalling may only be motivated if the DRX configuration (i.e. Rmax, DRX cycle, PTW in case of eDRX) is favourable for large power saving potential.
Observation 4: Power efficiency of wake-up signalling is dependent on a combination of the semi-static DRX configuration (including parameters such as Rmax, DRX cycle, PTW in case of eDRX) and the dynamic conditions such as the scheduling rate.
Proposal 1: Wake-up signalling should be enabled on a per-UE basis, dependent at least on the DRX configurations, and the dynamic conditions if feasible, in order to clearly achieve net power saving.

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.
4.1. Idle Mode Paging
The proposed operation, at least for idle model paging, 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.
Another advantage of grouping WUSR into occasions is that it can alleviate fragmentation issue. With WUSR occasions at certain periodicity, it would be guaranteed that WUSR would not cause further fragmentation to the medium. For NB-IOT, due to the need for repetition (Rmax) for deep coverage UEs, contiguous transmission is often needed and fragmentation should be minimized for scheduling efficiency. Typically, WUSR occasion periodicity cannot be too small and the additional latency should be acceptable because idle mode paging is usually not extremely time-critical.
 


Figure 9: Configuration of wake-up signal resource
Proposal 2: Wake up signal resource occasions are configured with certain periodicity, at least for idle mode paging. 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.
On the aspect of wake-up signal/DTX vs go-to-sleep signal/DTX, because the paging rate is typically very low (see analysis in [7]), it is more efficient in terms of system resource utilization to adopt wake-up signalling. Furthermore, we do not recommend further consideration of the no-DTX option. On the other hand, similar conclusion is not as straight-forward to make for C-DRX, because the scheduling rate may be higher, depending on the application. 
4.2. Connected Mode DRX Considerations
C-DRX has a number of key differences with I-DRX paging, that should be considered when designing wake-up signal resource configuration. A scheme that is well-suited for I-DRX paging is not necessarily a scheme that is also good for C-DRX.
WUS for C-DRX may have stronger need for UE-specific signalling due to potentially higher scheduling rate compared to typical paging rate. If group signalling is used without a way to separate the signal for individual UE, power saving benefit could diminish if the scheduling rate is not low enough. This also leads to another issue: Multiplexing of WUSR confined within WUSR occasion may not be sufficient to provide the number of dimensions needed across many UEs. One way to add more dimensions within WUSR occasion is to make use of code-domain multiplexing, for example, by using a waveform similar to NSSS which supports a large number of hypotheses. Another way is to allow multiplexing of WUSR with regular channels. This would open up much more potentially needed dimensions; Then the issue is how to distinguish WUS from other channels. Sequence detection may still work but needs further study. For DCI-based WUS, carrying UE-ID in the payload and/or UE-RNTI scrambling of CRC could be considered.
Proposal 3: Support wake-up signaling for C-DRX.
Proposal 4: Wake-up signal support for C-DRX should include UE-specific signalling option.
Also, unlike paging which typically does not have a strict latency requirement, for C-DRX, latency impact on traffic should be carefully considered. Grouping WUSR into occasions may result in different time delays between the WUS to its respective start of ON duration across UEs. Our view is that a per-UE fixed offset from the start of ON duration for positioning the respective WUSR would be more preferred, but this may worsen the fragmentation issue. One minor remedy is to enforce that the potential time gap from the WUSR to the start of the ON duration must be a valid Rmax length (or the difference between different search spaces), so that it would be easier for eNB to allocate the resources for another UE.
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Figure 10 : WUS is at fixed offset prior to the start of ON duration for a particular UE. A time gap (shown as blank), if configured, should have length equal to a valid Rmax length

5. Summary
The observations and proposals made in this contribution are summarized below.
Observation 1: The percentage power saving due to wake-up signalling is more substantial for larger value of Rmax corresponding to higher MCL. On the other hand, the percentage saving is inversely proportional to the length of the DRX cycle.
Observation 2: For a given eDRX cycle, the percentage power saving is proportional to PTW: Smaller PTW leads to less power saving. 
Observation 3: DCI signalling leads to significantly less power saving compared to WUS signalling.
Observation 4: Power efficiency of wake-up signalling is dependent on a combination of the semi-static DRX configuration (including parameters such as Rmax, DRX cycle, PTW in case of eDRX) and the dynamic conditions such as the scheduling rate.
Proposal 1: Wake-up signalling should be enabled on a per-UE basis, dependent at least on the DRX configurations, and the dynamic conditions if feasible, in order to clearly achieve net power saving.
Proposal 2: Wake up signal resource occasions are configured with certain periodicity, at least for idle mode paging. 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.
Proposal 3: Support wake-up signaling for C-DRX.
Proposal 4: Wake-up signal support for C-DRX should include UE-specific signalling option.
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Appendix: Power Models Used for Simulation
The power models and simulation assumptions to be used for analysing the power savings were also agreed in [3] and are shown in Table 3 and Table 4 below. Note that these models are used to obtain a rough estimate of power savings and may not represent the actual power consumption/savings. 
[bookmark: _Ref490189502]Table 3: 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.
Typically light sleep is used for C-DRX.

	Idle, deep sleep
	0.015
	Deep sleep during PSM and eDRX

	Transitions between states
	To be declared
	Boot, reload memory etc. Vastly different for transitions in-and-out of light sleep and deep sleep



[bookmark: _Ref490189508]Table 4: 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 [2] 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 at half the Rx power, and study both 200ms and 2 second switching time for deep sleep to receive.
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