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1. Introduction
In RAN1 #91 the following was agreed as WA [1]: 

Agreement
At least in a UE’s DRX cycle, one WUS informs UE whether to monitor the PO in a single DRX cycle

Working assumption
· At least in a UE’s DRX cycle, how the UE knows the WUS time location, is:
· A WUS has a time location which is configurable with respect to the associated PO(s) location(s)
Agreement
· There is at least one WUS parameter determined by at least SI for at least IDLE_MODE UE.
· The [maximum] WUS length in a cell is configurable
· Further study the benefits of potential diversity methods in WUS design
· Further study the benefits of potential inter-cell interference randomization methods in WUS design

Working assumption
· At least in a UE’s DRX cycle, how the UE knows the WUS time location, is:
· A WUS has a time location which is configurable with respect to the associated PO(s) location(s)

Agreement
Send LS (R1-1721278) capturing WUS features to RAN2 – Magnus (Ericsson) – Final LS is agreed in R1-1721282


In this contribution, we continue discussion on WUS functions and configurations. We also investigate the power saving gain of WUS with or without new sync signals for different scenarios agreed in [2].
 
2. Wake-up Receiver Architecture
[bookmark: _Hlk498458909][bookmark: _Hlk498458936]It is possible to consider different HW architectures for more power efficiency. One example is shown in Figure 1. MPDCCH monitoring involves complex baseband 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 1 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 1: Wake up receiver architecture

The WUS is detected by using different types of receiver architectures should be taken into account. 
· Type I: separate receiver to detect the legacy sync signals and WUS.
· Type II: same receiver to detect the legacy sync signals and WUS. 
In case of Type I, for best power saving, the UEs use the WUS for synchronization without reusing the legacy SYNC signals. It requires the WUS signals to be very robust against the timing/frequency drift, at least no worse than that legacy signals. After the WUS detection, the UE could decide to switch on the full-baseband modem for MPDCCH detection. But without any sync prior to WUS, the WUS duration has to be extended very long due to the timing/frequency ambiguity. 
In case of Type II, the WUS signal could still rely on at least part of the legacy signals, e.g., PSS, for initial timing synchronization, or full legacy signals, e.g., PSS/SSS/CRS, for fine synchronization. The UE may also switch between different modes for non-coherent or coherent WUS detection. After detecting the WUS, the UE will start the processing of the MPDCCH. The time it takes to get ready for processing MPDCCH may be shorter than Type I, because some portion of the baseband modem may be switched on already. Once the WUS detected, there should be a gap between the end of WUS duration and associated PO so that the software can be loaded/updated. For eDRX after deep sleep, the longer processing time may be required, e.g., as long as 1s~2s, to load/update the full image. For DRX with light sleep, the UE receiver would have full image handy on chip’s memory so that shorter gap, e.g., 10ms~100ms may be sufficient. Therefore, the gap should be configured based on the UE capability of the required minimum processing time in different DRX/eDRX scenarios. 
[image: ]
Figure 2: Gap between the end of WUS duration and associated PO

Observation 1: WUS with or without using existing sync signals is depending on the UE receiver architecture.
Observation 2: The gap between the end of WUS duration and associated PO should satisfy required UE processing time for DRX/eDRX scenarios.
Proposal 1: The WUS resource configuration including the WUS duration and the gap between the end of WUS duration and associated PO should consider the UE capability of processing time. 

3. Wake-up signal resource configuration
3.1. WUS resource configuration
In RAN1#91 meeting, we have some agreements on WUS resource configuration for NB-IoT. Similar agreements on the WUS on/off and WUS duration configuration should also apply to the case of efeMTC.
Proposal 2: The network can enable or disable use of the WUS 
· How UE acquires information on WUS enabling/disabling is up to RAN2 decision
For idle mode paging, the UE monitors a set of repetitions for MPDCCH. It makes sense that the length of the WUS should be scaled according to the actual MPDCCH transmission duration. Each wakeup resource could be determined based on the maximum number of repetitions for MPDCCH. The maximum duration of WUS (Wmax) could be explicitly indicated in SIB or implicitly calculated based on the parameter rmax (max MPDCCH repetition number with range of 1~256). 
On the other hand, the WUS and MPDCCH may have different transmission schemes. For example, the WUS per NB carrier may use power boosting; or, WUS is sent using different transmission diversity scheme, which has huge impact on WUS detection performance (e.g., diversity dimensions). If we allow the WUS to have some-level sync function (e.g., detected with frequency error), the WUS duration could be slightly longer than that of sync purely based on legacy signals. 
[bookmark: _Hlk506486437]Therefore, the Wmax and rmax is scaled but the scaling factor may not be fixed but depending on many factors, such as WUS frequency resources (number of PRBs in 6-PRB narrowband), WUS transmit power boosting, transmission diversity, whether sync function for WUS, etc.. For illustration,  with different  in Table 1. We could indicate  explicitly or implicitly by using the related information of power boosting, transmission diversity, etc..
Table 1 Wmax and rmax
	rmax
	Wmax

	1
	1
	1
	1
	1
	1
	1
	1
	1

	2
	2
	1
	1
	1
	1
	1
	1
	1

	4
	4
	2
	1
	1
	1
	1
	1
	1

	8
	8
	4
	2
	1
	1
	1
	1
	1

	16
	16
	8
	4
	2
	1
	1
	1
	1

	32
	32
	16
	8
	4
	2
	1
	1
	1

	64
	64
	32
	16
	8
	4
	2
	1
	1

	128
	128
	64
	32
	16
	8
	4
	2
	1

	256
	-
	128
	64
	32
	16
	8
	4
	2

	Scaling factor KW
	1
	2
	4
	8
	16
	32
	64
	128



Proposal 3: The WUS duration is configurable, determined at least based on the maximum number of repetitions for MPDCCH and the WUS transmission scheme (e.g., transmit diversity, power boosting, etc.).
3.2. WUS Occasion
The proposed operation, at least for idle model paging, is shown in Figure 3. 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 MPDCCH for a group of subframes. For example, in Fig. 11, the WUS resources shown in a particular colour indicate the presence / absence of MPDCCH 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 3: Configuration of wake-up signal resource

Proposal 4: WUS resource occasions are configured with certain periodicity, at least for idle mode paging. In each occasion, multiple WUS resources can be configured which all correspond to the same set of subframes. Different UEs may monitor different WUS resources within the same occasion.
3.3. WUS per one or multiple POs
In last meeting, we have already agreed that at least in a UE’s DRX cycle, one WUS informs UE whether to monitor the PO in a single DRX cycle. But for eDRX case, it is FFS whether we allow one WUS per more than one PO. Compared with DRX only, UEs using eDRX typically means these UEs have looser requirements for reachability but tighter requirement to reduce power consumption. For eDRX, it is reasonable to associate one WUS with 2 or more POs during the PTW to maximise benefit of WUS for power sensitive UEs. If the UE does not receive WUS, it can go back to sleep and skip monitoring the POs associated with the WUS. As illustrated in Figure 4, the number of DRXs associated with one WUS in a PTW is depending on the PTW length and the DRX cycle. In eMTC, the maximum PTW can be up to 20.48 seconds hence 4 WUSs leads to one WUS associated with DRXs spanning 5.12seconds. Only configuring one WUS per PO unnecessarily consumes more power.
The RRM measurement could also be associated with WUS configuration for the power-sensitive UEs. The UE could be configured to do RRM measurement per WUS occasion or per several DRX cycles instead of every DRX cycle. A special case is that for eDRX, the UEs could be configured to do RRM measurements once per PTW instead of every PO in the PTW.


[image: ]
Figure 4: Configuration of wake-up signal resource

Proposal 5: Allow one WUS applying to more than one PO in a PTW for eDRX case.

4. WUS with or without new synchronization signal 
The action item of the previous RAN1 meeting is 
· To select a candidate among the following power saving physical signals:
· ‘Wake-up signal or DTX’ with new periodic sync signal
· ‘Wake-up signal or DTX’ without new periodic sync signal

Whether a new periodic sync signal is needed and whether WUS supports synchronization function should be discussed in different scenarios. 
In case of DRX only, the UE wakes up after light sleep. Although there is time drift, the time uncertainty is within a range less than one symbol, e.g., 12.8us for Scenario A (with detailed assumption in Appendix) and ~51.2us for longest DRX assuming 5ppm. In such case, there is no need to do searching for acquisition. Therefore, we don’t need any new synchronization signal (e.g., RSS [5]) in this case.
The synchronization during light sleep if relying on the WUS requires additional length of WUS, which can be approximated as Tdrift_light+(legacy synchronization time during light sleep)*β0. The legacy synchronization time during light sleep is the duration based on legacy PSS/SSS and β0 is the weighting factor of reducing the synchronization time based on WUS. The weighting factor β0 is equal to 3.6% assuming the burst transmission instead of the distributed transmission of one pair of PSS/SSS per 5ms for eMTC. By using the WUS, the synchronization time could be reduced significantly, e.g., from 20ms to 1ms for MCL=164dB during light sleep. The fast synchronization based on WUS could further save the power consumption. 
For DRX only, we have compared the power saving gain assuming WUS w/ or w/o synchronization function in the light sleep mode. We assume that the sync duration is 40ms for large Rmax and 10ms for smaller Rmax as summarized in Table 1. The length of WUS is illustrated in Table 2, where the basic sequence length with prior sync is approximated as Rmax/16 but normalized by 1subframe unit. Note that a scaling factor of 1/16 is assumed here for calculation, but the scaling factor could be smaller when power boosting and/or larger transmit diversity is applied. Figure 5 shows the power saving gain as a function of DRX cycle equal to 1.28, 2.56, 5.12s and 10.24s, assuming paging probability is 10% and false alarm is 2%. For Scenario A with DRX=2.56s, we can see that WUS w/ sync can further improve power saving by 10~20% for MCL=144/154/164dB.
[bookmark: _Hlk498556116]Table 1: Mapping of MCL to SNR and rmax
	MCL (dB)
	SNR (dB)
	MPDCCH (assume 24CCEs)
	Synchronization after light sleep
	Acquisition after deep sleep

	144
	-2.5
	2~4
	10ms
	40ms

	154
	-12.5
	32~64
	10ms
	2s

	164
	-22.5
	256 ~512
	40ms
	8s


Table 2: WUS length approcimation
	WUS
	MCL=144dB
	MCL=154dB
	MCL=164dB

	WUS w/o sync for light sleep
	<<1ms
	1ms
	2ms

	WUS w/ sync for light sleep
	1ms
	1ms
	3ms



 [image: ]
Figure 5: Power saving gain of WUS w/o and w/ synchronization function (Scenario A)

[bookmark: _Hlk498633568][bookmark: _GoBack]In case of eDRX, the UE wakes up after deep sleep. According to the RAN1 assumption [2], the time uncertainty due to time drift Tdrift_deep is much longer, e.g., 0.41ms for Scenario B, 6.55ms for Scenario C and ~52ms for longest eDRX cycle assuming 20ppm (with detailed assumption in Appendix). For Scenario D of PSM with 4 hours as agreed in [1], the time drift is 288ms. Because of large timing error, the UE requires to do acquisition by searching PSS/SSS. If we introduce a new periodic synchronization signal for efeMTC for cell search and acquisition, the burst transmission with long periodicity is preferred to keep low system overhead. The UEs only rely on one-shot detection of this new sync signal to get acquisition prior to WUS detection. More discussion on RSS is in our parallel contribution [5]. Whether the WUS requires new periodic sync signal is FFS for Scenario B/C and PSM mode.
[bookmark: _Hlk498443394]Observation 3: For single DRX cycle or the DRX within a PTW of eDRX case, the WUS if supporting synchronization function could further shorten the synchronization time during light sleep and save the power with limited overhead.
Based on the above analysis and discussion, we have the following proposals:
[bookmark: _Hlk498552896]Proposal 6: For DRX, a new synchronization signal for acquisition is not needed and the WUS with synchronization function could be considered without increasing too much WUS overhead. 
5. Wake-up sequence design
From the receiver implementation point of view, it is beneficial to use similar WUS sequence design for both NB-IoT and eMTC to reduce the complexity. The narrowband paging information may use the 1PRB WUS with power boosting and/or repetitions in the frequency domain to reduce the total transmission time. As illustrated in Figure 6, the WUSs for multiple UE groups can be multiplexed in frequency domain. The PRB location of WUS could be based on the UE group ID as well as cell ID for interference randomization. 
[image: ]
Figure 6: UE-group-specific WUS for eMTC

Proposal 7: Consider reusing the WUS sequence design of NB-IoT for eMTC and FFS on whether power boosting and/or repetition, etc..

6. Connected Mode DRX Considerations
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 MPDCCH 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.
For C-DRX, the agreement to introduce wake-up signalling also proposes several signalling candidates [3]. The list includes not only wake-up signal (WUS) and go-to-sleep signal (GTS), but also downlink control information (DCI). While for idle mode paging, wake-up signal is clearly the best suited candidate. If we also want to improve power saving for connected mode DRX, it is worthwhile to at least evaluate the power saving for all the candidates. 
C-DRX has a number of key differences with I-DRX paging, that should be considered when designing wake-up signal resource configuration. The WUS for C-DRX may have stronger need for UE-specific signalling due to potentially higher scheduling rate compared with 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 WUS confined with WUS occasion may not be sufficient to provide the number of dimensions needed across many UEs. If WUS is considered for C-DRX, the power saving signal could reuse the WUS waveform with extended dimensions in code/time/freq domain. Since the larger power saving gain is achieved for shorter DRX in idle mode, as observed in Figure 5, the WUS power saving could be substantial in case of C-DRX as well. 
Proposal 8: Support power saving signalling for C-DRX.

7. Summary
The observations and proposals made in this contribution are summarized below.
Regarding WUS resource configuration:
Observation 1: WUS with or without using existing sync signals is depending on the UE receiver architecture.
Observation 2: The gap between the end of WUS duration and associated PO should satisfy required UE processing time for DRX/eDRX scenarios.
Proposal 1: The WUS resource configuration including the WUS duration and the gap between the end of WUS duration and associated PO should consider the UE capability of processing time. 
Proposal 2: The network can enable or disable use of the WUS 
· How UE acquires information on WUS enabling/disabling is up to RAN2 decision
Proposal 3: The WUS duration is configurable, determined at least based on the maximum number of repetitions for MPDCCH and the WUS transmission scheme (e.g., transmit diversity, power boosting, etc.).
Proposal 4: WUS resource occasions are configured with certain periodicity, at least for idle mode paging. In each occasion, multiple WUS resources can be configured which all correspond to the same set of subframes. Different UEs may monitor different WUS resources within the same occasion.
Proposal 5: Allow one WUS applying to more than one PO in a PTW for eDRX case.
Regarding WUS power saving gain:
Observation 3: For single DRX cycle or the DRX within a PTW of eDRX case, the WUS if supporting synchronization function could further shorten the synchronization time during light sleep and save the power with limited overhead.
Based on the above analysis and discussion, we have the following proposals:
Proposal 6: For DRX, a new synchronization signal for acquisition is not needed and the WUS with synchronization function could be considered without increasing too much WUS overhead. 
Regarding WUS sequence design:
Proposal 7: Consider reusing the WUS sequence design of NB-IoT for eMTC and FFS on whether power boosting and/or repetition, etc..
Regarding CONN mode:
Proposal 8: Support power saving signalling for C-DRX.
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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 [2] and are shown in Table A1-A3 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 A1: MCL and SNR mapping
	Transmitter
	 

	(0) Max Tx power(dBm)
	46

	(1) Actual Tx power (dBm)
	36.79

	Receiver
	 

	(2) Thermal noise density (dBm/Hz)
	-174

	(3) Receiver noise figure (dB)
	9

	(5) Occupied ch bandwidth (Hz)
	1080000

	(6) Effective noise power= (2) + (3) + 10 log((5))  (dBm)
	-104.67

	(7) Required SINR (dB)
	-22.5/-12.5/-2.5

	(8) Receiver sensitivity= (6) + (7) (dBm)
	-127.17

	(9) Baseline MCL= (1) - (8) (dB)
	164/154/144


Table A2: Power model [2]
	Operating mode
	Power [units/ms]
	Total ramp up or ramp down time [ms]
	Notes

	Idle, deep sleep
	0.015/[0.05]
	
	Deep sleep during PSM and eDRX,
depending on UE architecture.

	Transitions to or from deep sleep
	50
	200/[25]
	Boot, reload memory etc.,
depending on UE architecture.

	Transitions to or from light sleep
	50
	15
	Boot, reload memory etc.,
depending on UE architecture.


Table A3: Scenarios for efeMTC [2]
	Scenario
	A
	B
	C

	eDRX cycle [s]
	-
	20.48
	327.68

	DRX cycle [s]
	2.56
	0.32
	0.32

	#POs/PTW
	1
	4
	4

	Paging rate [%]
	10
	10
	10
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