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1. Introduction
[bookmark: _Hlk494181727][bookmark: _Hlk494181569]In  RAN1 #90bis the following was agreed [1]: 
Agreements:
· Working assumption: WUS/DTX is adopted for the power saving signal for IDLE mode paging;
· The UE is configured with a transmission duration of WUS by higher layers
· The WUS signal may be decoded with or without relying on prior synchronization
· Whether the UE needs to acquire (further) synchronization using NPSS/NSSS to decode the NPDCCH following the WUS is FFS
· The power saving of using existing synchronization signal to achieve sync and using WUS for synchronization should be compared.
· For RAN#78 timeline, RAN4 can assume the UE is synchronized prior to the WUS
· After RAN#78, RAN1 and RAN4 will conduct additional work to allow the assumption that the UE is not synchronized prior to the WUS (with the same WUS signal design) for 144 dB MCL; and will study to allow the assumption that the UE is not synchronized prior to the WUS (with the same WUS signal design) for 154, 164 dB MCL
· Status of work on ‘Relaxed monitoring for cell reselection’ in RAN2/4 should be considered

In this contribution, we confirm the working assumption of WUS or no DTX and also provide our views on its functions, such as, whether WUS/DTX should be usable with/without synchronization function, as well as the interaction with RRM measurement. In addition, we discuss the consideration on the connected mode DRX. 

2. Wake-up or DTX for Idle mode paging
As shown in Figure 1, the WUS/DTX denotes to only transmit the WUS before the PO when paging is coming. But the WUS without DTX requires the go-to-sleep signal (GTS) sent at the PO when paging is absent besides the WUS for the paging. Based on our analysis in [2], WUS/DTX achieves similar power saving gain as WUS without DTX (as shown in Figure 2) with much less overhead (as compared in Figure 3). Therefore, WUS/DTX is much more efficient and minimizes the impact on the legacy UEs.
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Figure 1 WUS with or without DTX
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Figure 2: Power consumption of WUS/DTX vs. WUS/GTS with Rmax=1024
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Figure 3: Overhead of WUS/DTX vs. WUS/GTS 
Observation 1: Compared with WUS with DTX, WUS with no DTX requires additional transmission of GUS costs larger overhead but the power saving improvement is marginal.
Proposal 1: Confirm working assumption that ‘WUS/DTX is adopted for the power saving signal for IDLE mode paging’.
3. Wake-up Receiver Architecture



[bookmark: _Ref490169246]Figure 4: Typical idle mode processing (no paging case)
 
Typical processing at UE when it is in idle mode is shown in Figure 4. 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 should wake up slightly earlier than its paging occasion to obtain timing/frequency sync and reconfirm the serving cell. 
The wake-up signal (WUS) is the signal to inform a group of UEs when it is the right timing to wake up and detect the subsequent NPDCCH/NPDSCH for paging. Figure 5 shows the procedure when a page is sent to the UE. The UE is expected to detect/decodes the WUS, go on to monitor NPDCCH, and then associated NPDSCH. 
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 5, 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 5 : Idle mode processing with wake-up signal (no paging case)

Figure 6 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 6 : Idle mode processing with wake-up signal when UE is paged
[bookmark: _Hlk498458909][bookmark: _Hlk498458936]It is possible to consider different HW architectures for more power efficiency. One example is shown in Figure 7. NPDCCH 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 7 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 7: 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 WUS and legacy sync signals.
· Type II: same receiver to detect the WUS and legacy sync signals. 
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 NPDCCH detection.
In case of Type II, the WUS signal could still rely on at least part of the legacy signals, e.g., NPSS, for initial timing synchronization, or full legacy signals, e.g., NPSS/NSSS/CRS/NRS, for fine synchronization. The UE may also switch between different modes for non-coherent or coherent WUS detection. After the WUS detection, the UE will have to start the processing of the NPDCCH. The time it takes to get ready for processing NPDCCH may be shorter than Type I because some portion of the baseband modem may be switched on already.
Therefore, the required latency between the WUS and NPDCCH is dependent on the UE capability. The eNB should be able to configure the actual latency between the WUS and NPDCCH, which is no less than the UE’s required minimum processing time. 
Observation 2: WUS with or without using existing sync signals is depending on the UE receiver architecture.
Proposal 2: The WUS resource configuration should consider the UE capability of processing time. 

4. WUS with or without synchronization function 
Whether WUS should support synchronization function needs to 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. The synchronization during light sleep if relying on the WUS requires extending the WUS length, 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 NPSS/NSSS and β0 is the weighting factor of reducing the synchronization time based on WUS. The weighting factor β0 is 3/20 assuming the burst transmission instead of the distributed transmission of one NPSS per 10ms and one NSSS per 20ms in NB-IoT. By using the WUS, the synchronization time could be reduced by 15%, e.g., from 80ms to 12ms 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 80ms for large Rmax and 20ms 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. Figure 8 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 15~30% if MCL=144/154dB and 5~10% if MCL=164dB.
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
	7.4
	1
	20ms
	160ms

	154
	-2.6
	64
	20ms
	160ms

	164
	-12.6
	1024
	80ms
	1280ms


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

	WUS w/o sync for light sleep
	<1ms
	4ms
	12ms

	WUS w/o sync for light sleep
	3ms
	7ms
	76ms
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Figure 8 : Power saving gain of WUS w/o and w/ synchronization function (Scenario A)

In case of eDRX, the UE wakes up after deep sleep. According to the RAN1 assumption [3], the time uncertainty due to time drift Tdrift_deep is much longer, e.g., 0.41ms for Scenario B, 6.55ms for Scenario C (with detailed assumption in Appendix) and ~210ms for longest eDRX cycle assuming 20ppm. Because of large timing error, the UE requires to do acquisition by searching NPSS/NSSS. If we want to let UE use WUS for cell search and acquisition without using any legacy sync signals, the WUS duration has to be extended significantly. For example, the additional length of WUS for acquisition can be approximated as Tdrift_deep+(legacy acquisition time)*β0, where the legacy acquisition time is the acquisition duration based on legacy NPSS/NSSS and β0 is the weighting factor to reduce the acquisition time based on WUS. For NB-IoT, β0 is 15% assuming the burst transmission instead of the discontinuous transmission of one NPSS per 10ms and one NSSS per 20ms. Even with such small β0, the long acquisition time for large MCL, such as 164dB, still requires around 200ms longer WUS. Table 3 summarized the power saving gain as a function of the WUS duration when MCL=164dB for Scenario B and C, respectively. The WUS without sync has shortest duration and we assume acquisition and synchronization based on legacy NPSS/NSSS prior to WUS detection. Compared with the WUS w/o sync, the relative gain is further improved by around 20% but at the price of 4 times longer WUS for acquisition. After the acquisition for a PTW, the UE only use WUS with slightly extended length as in Table 2 to synchronize during light sleep for each DRX within a PTW. This case is similar to that of DRX only.

Table 3: Power saving gain vs. WUS duration
	MCL=164dB
	Scenario B
	Scenario C

	
	WUS length
	Power saving gain
	WUS length
	Power saving gain

	WUS w/o acquisition
	64ms 
(1.0)
	66% 
(+0%)
	64ms 
(x1.0)
	65% 
(+0%)

	WUS w/ acquisition
	64+193=257ms (x4.0)
	83% (+17%)
	64+199=263ms (x4.1)
	82% 
(+17%)




[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 slight longer duration.
Observation 4: For each PTW in eDRX case, the WUS if supporting acquisition function after long deep sleep requires significant increase of WUS duration but the additional gain is limited.
Considering the UEs using clocks of higher ppm and/or in the case of longer eDRX cycle, the timing error, Tdrift_deep, becomes larger than 40ms. In such case, the UE has to read NPBCH for SFN information. The baseline by using legacy sync signals should be Tdrift_deep+(legacy acquisition time)+ (legacy NPBCH detection time). Since we don’t want to extend the length of WUS to support acquisition, UEs still rely on legacy NPSS/NSSS for acquisition only prior WUS detection. But we could consider to let WUS carry the information of SFN to avoid reading NPBCH. More discussion on the WUS sequence design for carrying SFN information is discussed in [4]. Note that it does not increase the complexity for WUS detection at the UE side if the SFN information is known by UE such as in Scenario A/B/C. 
Observation 5: The WUS carrying SFN information could help UE to avoid reading NPBCH under large timing drift. 
Based on the above analysis and discussion, we have the following proposals:
Proposal 3: For DRX, the WUS with synchronization function could be considered without increasing too much WUS overhead. 
Proposal 4: For eDRX, the WUS still relies on NPSS/NSSS for acquisition but could carry SFN information to avoid NPBCH detection. 

5. Interaction with RRM measurement 
In previous meetings, there is some discussion on the relaxation of RRM measurement for both serving cell and neighbor cells. In TS36.133, it is required that “the UE shall measure the NRSRP and NRSRQ level of the serving NB-IoT cell and evaluate the cell selection criterion S defined in the serving NB-IoT cell at least every DRX cycle”. Since the current RSRP/RSRQ measurement is based on NRS and/or NSSS, which requires full synchronization, it results in high power cost for RRM measurement per DRX cycle. However, it may not be necessary for low-mobility NB-IoT UEs who are in power saving mode. Without sacrificing the idle mode mobility requirement of such NB-IoT UEs, this RRM relaxation is necessary to further improve the power saving gain. For example, the UE is configured to do RRM measurement every two or more DRX cycles. 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.

Proposal 5: Send LS to RAN2 to ask the feasibility of the RRM relaxation to do one RRM measurement every two or more DRX cycles for the NB-IoT UEs supporting WUS in power saving mode. 

6. Power Saving for 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.
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. The WUS waveform for the idle paging is discussed in our parallel contribution [4], where the waveforms is similar to NSSS which supports a large number of hypotheses. 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 [4], the WUS power saving will be substantial in case of C-DRX as well. 
Proposal 6: Support power saving signalling for C-DRX.
7. Summary
The observations and proposals made in this contribution are summarized below.
Observation 1: Compared with WUS with DTX, WUS with no DTX requires additional transmission of GUS costs larger overhead but the power saving improvement is marginal.
Proposal 1: Confirm working assumption that ‘WUS/DTX is adopted for the power saving signal for IDLE mode paging’.

Observation 2: WUS with or without using existing sync signals is depending on the UE receiver architecture.
Proposal 2: The WUS resource configuration should consider the UE capability of processing time. 

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 slight longer duration.
Observation 4: For each PTW in eDRX case, the WUS if supporting acquisition function after long deep sleep requires significant increase of WUS duration but the additional gain is limited.
Observation 5: The WUS carrying SFN information could help UE to avoid reading NPBCH under large timing drift. 
Proposal 3: For DRX, the WUS with synchronization function could be considered without increasing too much WUS overhead. 
Proposal 4: For eDRX, the WUS still relies on NPSS/NSSS for acquisition but could carry SFN information to avoid NPBCH detection. 

Proposal 5: Send LS to RAN2 to ask the feasibility of the RRM relaxation to do one RRM measurement every two or more DRX cycles for the NB-IoT UEs supporting WUS in power saving mode. 
[bookmark: _GoBack]
Proposal 6: Support power saving signalling for C-DRX.
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[bookmark: _Hlk494368577]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 A1-A2 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: Power model [3]
	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 A2: Scenarios for feNB-IoT [3]
	Scenario
	A
	B
	C

	eDRX cycle [s]
	-
	20.48
	327.68

	DRX cycle [s]
	2.56
	1.28
	1.28

	#POs/PTW
	1
	4
	4

	Paging rate [%]
	10
	10
	10









8

image1.emf
GTS

t

WUS

Paging

t

WUS

Paging

t

Paging

PO

PO PO

PO PO

PO

PO

PO

PO

PO

No WUS/GTS

WUS/DTX

WUS/GTS


image2.emf
 1280  2560  5120 10240

DRX cycle in subframes

0

10

20

30

40

50

60

70

80

90

100

P

o

w

e

r

 

S

a

v

i

n

g

 

(

%

)

WUS/DTX (p=20%)

WUS/GTS (p=20%)

WUS/DTX (p=10%)

WUS/GTS (p=10%)

WUS/DTX (p=5%)

WUS/GTS (p=5%)


image3.emf
0%

5%

10%

15%

20%

25%

30%

0.2 0.1 0.05

eNB transmission overhead

Paging probability (p)

No WUS/GTS WUS/DTX WUS/GTS


image4.emf
DRX cycle

SYNC NPDCCH Monitoring

Warm up/

ramp down

Timing/Frequency Sync

Cell Reconfirmation

SYNC NPDCCH Monitoring

Sleep

Total awake time Total awake time


oleObject1.bin
DRX cycle


SYNC


NPDCCH Monitoring


SYNC


NPDCCH Monitoring


Warm up/ramp down


Timing/Frequency Sync
Cell Reconfirmation


Sleep


Total awake time


Total awake time



image5.emf
DRX cycle

Warm up/

ramp down

Sync + Wake up signal 

monitoring

Sleep

Paging occasion

WUS

Awake 

time

WUS

Awake 

time

Paging occasion


oleObject2.bin
DRX cycle


WUS


Awake time


WUS


Warm up/ramp down


Sync + Wake up signal monitoring


Awake time


Sleep


Paging occasion


Paging occasion



image6.emf
Warm up

Sync + Wake up signal 

monitoring

Sleep

Paging occasion

WUS NPDCCH Monitoring PDSCH decode 

Wake up signal detected

PDCCH detected


oleObject3.bin
WUS


Wake up signal detected


Warm up


Sync + Wake up signal monitoring


PDCCH detected


Sleep


Paging occasion


NPDCCH Monitoring


PDSCH decode 



image7.emf
Monitoring Wake-up 

signal

Control channel 

monitoring

Signal detected

No signal detected

Wake-up

receiver

Baseband 

(OFF)

Wake-up

Receiver

(OFF)

Baseband 


oleObject4.bin
Monitoring Wake-up signal


Control channel monitoring


Signal detected


No signal detected


Wake-up
receiver


Baseband (OFF)


Wake-up
Receiver
(OFF)


Baseband 



image8.emf
 1280 2560 512010240DRX cycle in subframes01020

30

40

50

60

70

80

90

100

P

o

w

e

r

 

S

a

v

i

n

g

 

(

%

)

Rmax = 1Rmax = 32Rmax = 64Rmax = 1024

WUS w/o sync

WUS w/ sync


