[bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: _GoBack]3GPP TSG RAN WG1 Meeting #90bis                                     R1-1718142
Prague, Czechia, 9th – 13th October 2017

Agenda item:    6.2.6.1.1.3
Source:             Qualcomm Incorporated
Title:                  Wake-up signal design
Document for:  Discussion and Decision 
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 #90 the following was agreed [2]: 
Working assumption:
· For idle mode,
· In specifying a power saving physical signal to indicate whether the UE needs to decode subsequent physical channel(s) for idle mode paging, select a candidate among the following power saving physical signals:
· Wake-up signal or DTX
· Wake-up signal with no DTX
· FFS:
· Information conveyed by the physical signal
· Design of the physical signal
· Resources which can be used for the physical signal, considering scheduling flexibility, overhead, etc.

Agreements:
· For idle mode,
· The power saving signal in a cell supports being applied to FFS between:
a) All the UEs associated to a PO in the cell
b) A group of more than one of the UEs associated to a PO in the cell
c) Both (a) and (b)
· How many POs the power saving signal applies to from the UE perspective is FFS between
· A single PO only
· One or more than one PO (details are FFS)
· How many POs the power saving signal applies to from the eNB perspective is FFS between
· A single PO only 
· One or more than one PO (details are FFS)
· The power saving signal applicable to a UE is sent on the same paging carrier as the associated subsequent physical channel(s)

In the email discussion, 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 detailed design of a new physical channel (“wake up signal”), together with the preliminary simulation results of the miss detection, false alarm as well as the robustness against the timing drift and frequency offset. To investigate the power saving gain, we evaluated all the scenarios agreed in [3].
 
2. Wake-up signal design
In this section, the sequence design for WUS is described, considering the following properties:
· Carry cell ID information to differentiate the WUS of the serving cell and neighbour cells  
· Carry at least part of the UE group identifier information to achieve power saving gain by detecting WUS to wake up at the right timing for paging
· Enable configurable burst transmission with repetitions to enable fast acquisition
· Provide good correction properties and detection probabilities

We try to reuse part of the legacy sync sequences to consider the WUS design for sake of simplicity. For example, we use a Zadoff-Chu (ZC) sequence of NSSS with a particular root to indicate part of the cell ID. Similar as the NSSS, the ZC sequence may be a 131-length ZC sequence, which may be mapped to 131 resource elements in 11 symbols of a PRB. Furthermore, the eNB encodes a cover code to the ZC sequence to indicate a portion of the cell ID as well as the UE group identifier . In each subframe unit, the WUS sequence is illustrated as:


wherein b(m) is a cover code using a Gold sequence with length of 127, given by


with 


initialized by 

.

Proposal 1: The WUS should convey at least part of the cell ID and UE group ID.

3. Detection Performance 
This section summarized some link-level simulation results for the detection performance of WUS sequence. We evaluate the two performance metrices, i.e., probability of miss detection and the probability of false alarm. The miss detection performance is evaluated by assuming the threshold that a false detection does not happen so that there is no wake-up signal transmitted. A false alarm occurs if the wake-up receiver incorrectly determines that the wake-up signal has been transmitted when it is not actually transmitted. This may occur in low SNR or SINR conditions. When false detection occurs, the receiver is unnecessarily activated to monitor the NPDCCH. Therefore, keeping the probability of false alarm low helps minimizing the wasted power. However, if the wake-up receiver misses detecting the wake-up signal, it will fail to activate the receiver to monitor the NPDCCH. The UE will miss the paging message, resulting increased latency. The miss detection must be sufficiently low, e.g., <1%, similar as the NPDCCH target BLER. In the following evaluation, we have tried different false alarm, 2%, 10% and 25% respectively to see the miss detection performance. The sampling frequency is 1.92MHz, and there are 137 samples per symbol, which is obtained by using size-128, zero-padded IFFT plus a CP of size-9. As shown in Appendix, we assume SNR=-12.6dB/-2.6dB/7.4dB for MCL=164/154/144dB respectively.
3.1. AGWN channel
Firstly, we checked the WUS performance with largest MCL=164dB under AWGN channel. Figure 1 shows that the WUS with 2~3 subframe repetitions can achieve miss detection<1% while the false alarm is 2%. For the case of MCL=154/144dB for smaller coverage, WUS with 1 subframe would be sufficient.
[image: ]
Figure 1: Miss detection vs. False alarm under AWGN
Observation 1: Under AWGN channel, the WUS with 1 subframe can achieve miss detection<1% while the false alarm is 2% in case of MCL=144/154dB. In case of MCL=164dB, the WUS with 2~3subframe repetitions are needed to satisfy miss detection<1%.
3.2. Fading channel
3.2.1. False alarm Threshold
Secondly, we simulate the Rayleigh channel and compare the false alarm threshold by using the noise only or noise together with a random interference signal for MCL=164/154/144dB, respectively. The noise is the AGWN signal. For random interference, we assume QPSK signal with INR = SNR to emulate the PDCCH. At the receiver, we use non-coherent detection and combine the WUS repetitions across multiple subframes. Here we assume no time/freq error firstly. 
Figure 2 shows the miss detection by using threshold with different false alarm probability. We can see that there is no difference by using threshold set by false alarm of noise only or noise plus interference signals. For MCL=144dB, one subframe WUS signal can already satisfy the Miss detection<1% when false alarm is 2%, as shown in Figure 2(a). In case of MCL=154dB, we need 15 subframes with WUS repetitions to achieve satisfied performance. However, in case of MCL=164dB, the improvement by simply increasing time repetitions is marginal. Even by using 30 subframes, the miss detection is still far above 1%. By setting lower threshold, resulting in larger the false alarm such as 10% or 25% in Figure 2(b) and (c), can reduce the repetition time of the WUS signals. But still the MCL=164dB cannot achieve 1% miss detection.
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(a)
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(b)						(c)
Figure 2: Miss detection vs. False alarm threshold using Noise or (Noise + Interference)

Observation 2: The threshold based on random interference and noise shows similar miss/false detection.
Observation 3: Under fading channel, the WUS with 1 subframe can achieve miss detection<1% while the false alarm is 2% in case of MCL=144dB. In case of MCL=154dB, the WUS with 15subframe repetitions are needed to satisfy miss detection<1%. However, in case of MCL=164dB, the gain by increasing the repetition number is marginal.

3.2.2. Tx diversity 
In order to improve the WUS detection performance, we apply the antenna switching to harvest tx diversity gain. As shown in Figure 3, we use TDM for shifting Ant1 and Ant2 for WUS transmission. 

[image: ]
Figure 3: WUS transmission w/ or w/o tx diversity

We use the interference plus noise to find the threshold with false alarm of 2%. The case of MCL=144/154/164 dB with worse SNR is evaluated and shown in Figure 4. Comparing the miss detection between Figure 4(a) and Figure 2(a), the tx diversity gain is significant. Under MCL=144dB, the miss detection of two-subframe WUS with antenna switching is far below 0.1%. In case of 154dB, we can also achieve miss detection below 1%, instead of 15-subframe repetition in Figure 2(a). In case of MCL=164dB, the WUS repetitions of around 2x13 subframes reach the 1% miss detection. By setting lower threshold, resulting in larger the false alarm such as 10% or 25% in Figure 4(b) and (c), can reduce the repetition time of the WUS signals. The MCL=164dB can achieve 1% miss detection with less number of subframes.
In Figure 4(a)(b)(c), we also show the case assuming timing error with (5ppm, 12.5us) and frequency error with (5ppm, 3.5kHz). The receiver assumes the timing hypotheses of [-12.5: +3.125: +12.5]us and frequency offset hypotheses of [-3.5: +0.875: +3.5]kHz for WUS detection. There will be some loss due to the uncertainty but it is still tolerable.
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(b)						(c)
Figure 4: Tx diversity for WUS transmission

Observation 4: Thanks to the tx diversity gain by using subframe-by-subframe antenna switching, the WUS with 2 subframes can achieve miss detection<1% in case of MCL=154dB while the false alarm is 2%. In case of MCL=164dB, the WUS with around 32 subframe are needed to satisfy miss detection<1% and false alarm=2%. 
Proposal 2: Support transmit diversity for NB-IoT WUS by using subframe-level antenna switching.

4. Power Saving Performance 
In this section, we analyse the power saving of 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 WUS with/without DTX is used, since the UE workload is similar in either case. 
4.1. Idle mode DRX only 
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 WUS. It is also confirmed by our link-level simulation in Section 3 that the WUS duration is even less than Rmax/16, as shown in Table 1. The MCL and SNR mapping is explained in Appendix Table A1. We should note that the sync is likely to be based on NPSS per 10ms or NPSS/NSSS which occur once per 10ms/20ms etc. Here we assume the SYNC duration is same for the case with and without WUS. But actually, the sync can be speeded up or skipped due to the burst transmission of WUS, so that the sync time for the WUS receiver could be smaller or close to zero. The detailed assumptions are also summarized in Table 2. The reference scenarios, power models, and simulation assumptions to be used were also agreed in [3].

Table 1: Mapping of MCL to SNR and Rmax
	MCL (dB)
	SNR (dB)
	Required Rmax for NPDCCH
	Rmax/16 for WUS
	Number of subframes for WUS to reach Miss<1% and FA=2% in Section 3

	144
	7.4
	1
	1/16
	1 (Miss<<1%)

	154
	-2.6
	64
	4
	2

	164
	-12.6
	1024
	64
	26~52 (if w/ time/freq error)



[bookmark: _Ref490169723]Table 2: 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
	Rmax/16 + WUS SYNC duration

	FA rate for WU signal detection
	2%



The resulting power saving computed due to savings in awake time is shown in Figure 5. The results are assuming the sleep mode is light sleep mode for DRX only. The WUS power saving gain is close to 80% in case of Rmax=1024, corresponding to MCL=164dB. 


[image: ]
[bookmark: _Ref490164417]Figure 5: Power saving gain of WUS in DRX mode
Each portion of the power consumption is illustrated in Figure 6 assuming Rmax = 1024 in Scenario A [3] of 2.56s DRX cycle. We can see that the power consumption for PDCCH is reduced significantly due to WUS. 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. 
[image: ]
Figure 6: Power consumption breakdown for Scenario A of 2.56s DRX with Rmax=1024 

Observation 5: The WUS power saving gain 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.

4.2. Idle mode eDRX
The percentage of power saving in eDRX mode depends on the warm up/down time between deep sleep mode to sleep mode which depends on the HW architecture. In the following figures, we show the power saving and power consumption breakdown assuming transition time of 200ms as a function of the number of PDCCH search spaces within one eDRX cycle.
The resulting power saving computed due to savings in awake time is shown in Figure 7 for Scenario B and C [3] with eDRX cycle of 20.48s and 327.68s, respectively. The results are assuming the sleep mode is deep sleep mode for eDRX. We can see that as the WUS power saving gain does not shrink too much for short to medium eDRX cycle.
[bookmark: _Hlk494462649]Each portion of the power consumption is illustrated in Figure 8 for Scenario B. Here, for timing drift, we assume to use existing sync signals to reduce the error, resulting in larger ratio of Sync time for deep sleep (DS), as shown in Figure 8. After the initial acquisition, the Sync time for light sleep (LS) is assumed for each PTW. Even by assuming such long acquisition without SYNC optimization, the power saving gain is still significant. Note that the SYNC could be improved by using, e.g., eNPSS, but it is not necessary to be part of WUS design. On the other hand, we assume one WUS is used per PTW for simulation. But if we assume a WUS for a group of PTWs, the UE could skip the light sleep and become deep sleep faster. Therefore, larger power saving gain can be expected.
The power saving gain of WUS in eDRX mode (Scenario B/C) is smaller than that of DRX (Scenario A) but still quite significant, even when we assume longer sync time for deep sleep based on existing sync signals. When PTW=4, the WUS power saving gain is close to 60% in case of Rmax=1024, corresponding to MCL=164dB.
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(a) Scenario B with eDRX of 20.48s	 		(b) Scenario C with eDRX of 327.68s
[bookmark: _Ref490164436]Figure 7: Power savings for Scenario B and Scenario C

[image: ]
Figure 8: Power consumption breakdown for Scenario B of 20.48s eDRX with Rmax=1024

Observation 6: In case of eDRX, the WUS power saving gain is still significant for larger value of Rmax corresponding to higher MCL. On the other hand, the percentage saving is proportional to PTW: smaller PTW leads to less power saving.
4.3. Simulation results summary
Based on results shown in Section 4.1 and 4.2, the power saving benefits of wakeup signalling is evident for idle mode DRX and eDRX. Note again that above analyses are based on no PDSCH power but we expect the conclusion to generally hold true even for realistic paging rate, which would be low according to analysis in [4].
Observation 7: The power saving gain of WUS is evident for idle mode DRX and eDRX.
Table 3: Power saving gain
	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

	Power saving gain
(Rmax=1024)
	74%
	57%
	56.5%




5. Conclusion
The observations and proposals made in this contribution are summarized below.
[bookmark: _Hlk494199753]Proposal 1: The WUS should convey at least part of the cell ID and UE group ID.
According to simulation of WUS detection performance,
Observation 1: Under AWGN channel, the WUS with 1 subframe can achieve miss detection<1% while the false alarm is 2% in case of MCL=144/154dB. In case of MCL=164dB, the WUS with 2~3subframe repetitions are needed to satisfy miss detection<1%.
Observation 2: The threshold based on random interference and noise shows similar miss/false detection.
Observation 3: Under fading channel, the WUS with 1 subframe can achieve miss detection<1% while the false alarm is 2% in case of MCL=144dB. In case of MCL=154dB, the WUS with 15subframe repetitions are needed to satisfy miss detection<1%. However, in case of MCL=164dB, the gain by increasing the repetition number is marginal.
Observation 4: Thanks to the tx diversity gain by using subframe-by-subframe antenna switching, the WUS with 2 subframes can achieve miss detection<1% in case of MCL=154dB while the false alarm is 2%. In case of MCL=164dB, the WUS with around 32 subframe are needed to satisfy miss detection<1% and false alarm=2%. 
Proposal 2: Support transmit diversity for NB-IoT WUS by using subframe-level antenna switching.
According to simulation of power saving gain,
Observation 5: The WUS power saving gain 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 6: In case of eDRX, the WUS power saving gain is still significant for larger value of Rmax corresponding to higher MCL. On the other hand, the percentage saving is proportional to PTW: smaller PTW leads to less power saving.
Observation 7: The power saving gain of WUS is evident for idle mode DRX and eDRX.
Table 3: Power saving gain
	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

	Power saving gain
(Rmax=1024)
	74%
	57%
	56.5%
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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 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)
	35

	Receiver
	 

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

	(3) Receiver noise figure (dB)
	5

	(5) Occupied ch bandwidth (Hz)
	180000

	(6) Effective noise power= (2) + (3) + 10 log((5))  (dBm)
	-116.45

	(7) Required SINR (dB)
	-12.6/-2.6/7.4

	(8) Receiver sensitivity= (6) + (7) (dBm)
	-129

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


[bookmark: _Ref490189508]Table A2: Link-level 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
	700 MHz

	Channel model 
	AWGN, TU

	Doppler spread 
	1 Hz

	Time/frequency drift, in idle mode
when not relying on DL synchronization
	[0.05] ppm/s, 20ppm

	Maximum frequency error, in idle mode 
when not relying on DL synchronization
	±5 ppm

	Frequency error, 
when relying on DL synchronization
	±3.5kHz 

	UE RX antenna configuration
	1 Rx

	*UE NF
	5dB

	Coupling loss
	144, 154, 164 dB


Table A3: 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 A4: 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
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