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1 Introduction

In RAN1#90, the following agreements and working assumptions were made with respect to the power consumption reduction for paging and connected-mode DRX [1]. And the evaluation assumptions and scenarios for the power saving signal of paging are also agreed in thread [90-20] [2].
Agreements:

· For idle mode,

· The power saving signal in a cell supports being applied to FFS between:

· All the UEs associated to a PO in the cell

· A group of more than one of the UEs associated to a PO in the cell

· 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)

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.

In this paper, we provide the evaluations for the detection performance and the power consumption of the power saving signal.
2 Sequence design

2.1 For IDLE mode paging

If the power saving signal is designed to support synchronization, then UE should use the power saving signal to finish the timing and frequency estimation, which is similar as the detection of NPSS. But it should not be designed as the same as NPSS to avoid potential impact on the legacy UEs using NPSS for downlink synchronization and initial access. 

According to the simulation assumptions in [2], the maximum frequency error of detecting the power saving signal is 5 PPM, which is 4.5 kHz under 900 MHz carrier frequency. This is a key challenge for UE to successfully detect the power saving signal, because it will seriously impact the timing accuracy while UE is searching for the actual position of WUS. If using the two-dimensional blind search over time and frequency in the receiver, the processing complexity is large. For example, assuming the frequency error and timing error are 4.5 kHz and 4 ms (the assumption of scenario B in Table 2), and the search step in frequency and time dimension are 50 Hz and 1 sample under 240 kHz sampling rate, then the total times of blind search is about 90*960=86400, which is almost unacceptable for NB-IoT UE. Even if the operation of sliding correlation in time dimension can be replaced by the operation of FFT in the receiver, the total times of FFT is still 90 because UE should do the blind search of the possible frequency errors. The complexity is still prohibitive for NB-IoT UE.

As the experience of designing the NPSS shows, the idea of auto-correlation method is an effective way to eliminate the impact of the frequency error and lead to a relatively low complexity in the receiver, which has been proved in the NPSS discussion in Rel-13. So the similar method of using the auto-correlation is preferred in the power saving signal design.
We choose the Zadoff-Chu sequence as the basic sequence for the power saving signal since it has been proved the good correlation characteristics in LTE and NB-IoT. An accumulated multiplication operation on the ZC sequence is applied in the transmitter, because with this dealing in transmitter, UE in receiver can do the corresponding auto-correlation operation (i.e. differential processing) both to restore the original sequence and to eliminate the impact of the frequency error.
The detailed steps to generate the power saving signal/sequence are shown as follows, and the standalone deployment is used for illustration purpose. Besides, it is assumed that the sequence occupies 1ms, and it can be repeated to meet the coverage requirement.
Step 1: Generate a 151-length ZC sequence, denoted by d, as the equation below. The root index ‘u’ can be an integer within [1,150].
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Step 2: Extend the sequence d to 156-length through cyclic extension, and denote the new sequence as S.

Step 3: Divide the sequence S into 13 sub-sequences and each sub-sequence includes 12 consecutive elements of S in turn. Denote the sub-sequences as x1 ~ x13.

Step 4:  a 12-length sequence (x0) is predefined as the initial sequence and do the accumulated multiplication with  x0 ~ x13 to generate new sequences y0 ~ y13, which satisfies:
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Step 5: Resource mapping. The sequences y0 ~ y13 are mapped to the 14 OFDM symbols in a subframe respectively.
The above steps are illustrated in Figure 1.
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Figure 1: Illustration of the sequence generation

Correspondingly, a general receiver processing is shown in Figure 2, in which the auto-correlation between adjacent OFDM symbols gets the original ZC sequence (sequence S in above) first and meanwhile the impact of carrier frequency error is eliminated. Then UE can use the ZC sequence S to do the sliding correlation and finish the synchronization.
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Figure 2: Simple illustration of the receiving procedure for the power saving signal
Proposal 1: The WUS is generated as: 

· Step 1: Generate an L-length ZC sequence, denoted by d, as the equation below. The root index ‘u’ can be an integer within [1, L-1]. 
‘L’ is 113 (3 OFDM symbols for PDCCH) or 131 (2 OFDM symbols for PDCCH) or 139 (1 OFDM symbol for PDCCH) in in-band deployment and is 151 otherwise.
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· Step 2: Extend the sequence d to L1-length through cyclic extension, and denote the new sequence as S. 

 ‘L1’ is 120 (3 OFDM symbols for PDCCH) or 132 (2 OFDM symbols for PDCCH) or 144 (1 OFDM symbol for PDCCH) in in-band deployment and is 156 otherwise.
· Step 3: Divide the sequence S into k sub-sequences and each sub-sequence includes 12 consecutive elements of S in turn. Denote the sub-sequences as x1 ~ xk.
‘k’ is 10 (3 OFDM symbols for PDCCH) or 11 (2 OFDM symbols for PDCCH) or 12 (1 OFDM symbol for PDCCH) in in-band deployment and is 13 otherwise.
· Step 4:  a 12-length sequence (x0) is predefined as the initial sequence and do the accumulated multiplication with  x0 ~ xk to generate new sequences y0 ~ yk, which satisfies:
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· Step 5: Resource mapping. The sequences y0 ~ yk are mapped to the available OFDM symbols in a subframe respectively.

If the sequence needs to be repeated, then some methods should be considered to make the repetitions different from each other to eliminate the false detection. Otherwise, if all repetitions are exactly the same, UE may wrongly detect the sequence at the start of e.g. the second subframe of the power saving signal which causes serious timing error. A method similar as scrambling can be considered that each repetition has a scrambling sequence which is initialized based on the subframe index. Since the sequence is generated according to the subframe index, then different repetitions carry different final sequences (after scrambled).
In our evaluations, we use a scrambling sequence for the power saving signal which is initialized per subframe with the same initialization equation as the Rel-14 NPDCCH.

Proposal 2: Apply the symbol level scrambling processing of Rel-14 NPDCCH to the power saving signal. 

According to the discussion in [3], interference should be considered among power saving signal of different cells and different POs in a cell. The differentiation among different POs in a cell has been already supported by the scrambling method in Proposal 2. To obtain good synchronization and interference randomization, different root indices of the ZC sequence is applied to different cells. 
Proposal 3: Use different root indices of ZC sequence to do the code dimension among different cells. 
2.2 For connected mode

In connected mode, the power saving signal does not need to support synchronization since UE has already been synchronized in connected mode. In NB-IoT, NSSS is used to help UE detect the PCID/frame index after the time/frequency synchronized with NPSS, which has the similar function with the power saving signal in connected mode, so the NSSS sequence can be used as the sequence for the power saving signal in connected mode.
Proposal 4: Use NSSS as the sequence of the power saving signal in connected mode.
3 Evaluations

According to the agreements in [2], evaluation results are provided in this section to show the benefit of the power saving signal for paging.
3.1 Evaluation of the detection performance
3.1.1 Evaluation assumptions

The evaluation assumptions and scenarios are following the agreements in [2]. We list the key assumptions here.
Table 1 Link level simulation assumptions
	Parameter
	Value

	BS TX antenna configuration 
	1 Tx for stand-alone 

	BS power 
	43 dBm stand-alone

	System BW
	180 kHz 

	Band 
	900 MHz 

	Channel model 
	TU 

	Doppler spread 
	1 Hz 

	UE RX antenna configuration
	1 Rx

	UE NF
	9 dB

	Coupling loss
	144, 164 dB


Table 2 Simulation scenarios 
	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 

	Number of (e)DRX cycles from the previous synchronization
	10
	10
	10

	Timing error (us)
	16.384
	4096
	65536

	Frequency error (Hz)
	1152
	4500
	4500


3.1.2 Evaluation results

The link level simulation results for the detection performance of the power saving signal are shown as in Table 3 and Table 4.
Table 3 MCL 144dB, Standalone operation mode
	Dimension/Scenarios
	Scenarios

	
	A
	B
	C

	Miss detection rate
	0.10%
	0.25%
	0.55%

	False alarm rate
	0.10%
	0.30%
	0.90%

	Time estimation error (95%)
	+/- 2.34 us
	+/- 2.86 us
	+/- 2.86 us

	Frequency estimation error (95%)
	+/- 40 Hz
	+/- 39 Hz
	+/- 40 Hz

	Signal duration (ms)
	1 ms
	1 ms
	1 ms


Table 4 MCL 164dB, Standalone operation mode
	Dimension/Scenarios
	Scenarios

	
	A
	B
	C

	Miss detection rate
	0.30%
	0.40%
	0.25%

	False alarm rate
	0.00%
	0.50%
	0.90%

	Time estimation error (95%)
	+/- 1.82 us 
	+/- 2.08 us 
	+/- 1.82 us 

	Frequency estimation error (95%)
	+/- 25 Hz
	+/- 25 Hz
	+/- 25 Hz

	Signal duration (ms)
	181 ms
	200 ms
	212 ms


Note that, in our design, UE can use the incremental combinations of WUS subframes to detect the WUS, which means UE does not need to always consume the duration provided in the above tables to successfully detect the WUS. The real latency of UE to detect the WUS is variable statistic, and to make it simpler, we choose a latency which can ensure a good enough miss detection rate, false alarm rate and synchronization accuracy in more than 90% cases. 
For example, in the scenario C in the Table 4, the cumulative distribution function of the WUS detection latency is shown in Figure 3. The latency shown in Table 4 is a robust enough duration which ensures a reliable detection performance of WUS.
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Figure 3 CDF of the detection latency for WUS in Scenario C
3.2 Power consumption evaluation

3.2.1 Evaluation assumptions

The evaluation assumptions are following the agreements in [2]. To be more convenient to discuss, we list the key assumptions used in our evaluations here.

Table 5 Reference power consumption model
	Operating mode 
	Power [units/ms] 
	Total ramp up or ramp down time [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, depending on UE architecture.

	Transitions to or from light sleep
	50
	15
	Boot, reload memory etc.

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


3.2.2 Evaluation cases
Generally we can consider the following cases while evaluating the power saving signal for paging.
· Case 1: There is no P-RNTI scrambled NPDCCH transmitted at a PO (for DRX only) or within a PTW (for eDRX).

· Case 2: There is P-RNTI scrambled NPDCCH at a PO (for DRX only) or within a PTW (for eDRX) which schedules an NPDSCH which includes the NAS identity of the UE.

· Case 3: There is P-RNTI scrambled NPDCCH at PO (for DRX only) or within a PTW (for eDRX) which schedules an NPDSCH which does not include the NAS identity of the UE.

We use the paging rate 10% as the assumptions in the evaluations, and the corresponding probability of each case above is shown in Table 6.

Table 6: Probability of each case
	Probability
	Case 1
	Case 2&3

	@ paging rate 10%
	0.9
	0.1


3.2.3 Evaluation results
The evaluation results for the power consumption reduction are shown in Table 7. And the detailed tables for intermediate results are shown in Appendix.

Table 7: PCANDIDATE/PREF for Stand-alone, 144dB MCL
	PCANDIDATE/PREF 
	Scenario A
	Scenario B
	Scenario C

	paging rate 10%
	15.8%
	45.1%
	51.6%


Table 8: PCANDIDATE/PREF for Stand-alone, 164dB MCL
	PCANDIDATE/PREF 
	Scenario A
	Scenario B
	Scenario C

	paging rate 10%
	35.9%
	47.6%
	51.8%


Based on the evaluation results, we have some observations as follows.

Observation 1: The power saving signal can reduce the power consumption of UE standby by 50% ~ 85% compared with the legacy mechanism.

Observation 2: In general, the power reduction brought by power saving signal is more obvious while the (e)DRX cycle is shorter. 

4 Conclusions
In this paper, the detailed sequence design and corresponding evaluations for power saving signal are provided. The following proposals and observations are made.
Proposal 1: The WUS is generated as: 

· Step 1: Generate an L-length ZC sequence, denoted by d, as the equation below. The root index ‘u’ can be an integer within [1, L-1]. 

The ‘L’ is 113 (3 OFDM symbols for PDCCH) or 131 (2 OFDM symbols for PDCCH) or 139 (1 OFDM symbol for PDCCH) in in-band deployment and is 151 otherwise.
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· Step 2: Extend the sequence d to L1-length through cyclic extension, and denote the new sequence as S. 

The ‘L1’ is 120 (3 OFDM symbols for PDCCH) or 132 (2 OFDM symbols for PDCCH) or 144 (1 OFDM symbol for PDCCH) in in-band deployment and is 156 otherwise.
· Step 3: Divide the sequence S into k sub-sequences and each sub-sequence includes 12 consecutive elements of S in turn. Denote the sub-sequences as x1 ~ xk.
The ‘k’ is 10 (3 OFDM symbols for PDCCH) or 11 (2 OFDM symbols for PDCCH) or 12 (1 OFDM symbol for PDCCH) in in-band deployment and is 13 otherwise.
· Step 4:  a 12-length sequence (x0) is predefined as the initial sequence and do the accumulated multiplication with  x0 ~ xk to generate new sequences y0 ~ yk, which satisfies:
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· Step 5: Resource mapping. The sequences y0 ~ yk are mapped to the available OFDM symbols in a subframe respectively.

Proposal 2: Apply the symbol level scrambling processing of Rel-14 NPDCCH to the power saving signal. 

Proposal 3: Use different root indices of ZC sequence to do the code dimension among different cells. 

Proposal 4: Use NSSS as the sequence of the power saving signal in connected mode.

Observation 1: The power saving signal can reduce the power consumption of UE standby by 50% ~ 85% compared with the legacy mechanism.

Observation 2: In general, the power reduction brought by power saving signal is more obvious while the (e)DRX cycle is shorter. 
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Appendix: Intermediate results for evaluation in section 3.2.3
	Power efficiency (standalone 164MCL), Scenario A

	　
	Case 1
	Case 2&3

	　
	Not using WUS
	Using WUS
	Not using WUS
	Using WUS

	Ramp up/down
	750
	750
	750
	750

	Synchronization
	46000
	0
	46000
	0

	Detect WUS
	0
	18100
	0
	18100

	Monitor Type1-CSS
	19200
	0
	19200
	19200

	Decode paging message
	0
	0
	19200
	19200

	Light sleep in the DRX cycle
	1893
	2364
	1701
	1980

	Deep sleep in the eDRX cycle
	0
	0
	0
	0

	Total
	67843
	21214
	86851
	59230

	PCANDIDATE/PREF
	31.27%
	68.20%


	Power efficiency (standalone 144MCL), Scenario A

	　
	Case 1
	Case 2&3

	　
	Not using WUS
	Using WUS
	Not using WUS
	Using WUS

	Ramp up/down
	750
	750
	750
	750

	Synchronization
	2000
	0
	2000
	0

	Detect WUS
	0
	100
	0
	100

	Monitor Type1-CSS
	19200
	0
	800
	800

	Decode paging message
	0
	0
	800
	800

	Light sleep in the DRX cycle
	2333
	2544
	2509
	2528

	Deep sleep in the eDRX cycle
	0
	0
	0
	0

	Total
	24283
	3394
	6859
	4978

	PCANDIDATE/PREF
	13.98%
	72.58%


	Power efficiency (standalone 164MCL), Scenario B

	　
	Case 1
	Case 2&3

	　
	Not using WUS
	Using WUS
	Not using WUS
	Using WUS

	Ramp up/down
	10000
	10000
	10000
	10000

	Synchronization
	46000
	0
	46000
	0

	Detect WUS
	0
	20000
	0
	20000

	Monitor Type1-CSS
	19200
	0
	19200
	19200

	Decode paging message
	0
	0
	19200
	19200

	Light sleep in the DRX cycle
	4468
	4920
	4276
	4536

	Deep sleep in the eDRX cycle
	227.4
	227.4
	227.4
	227.4

	Total
	79895.4
	35147.4
	98903.4
	73163.4

	PCANDIDATE/PREF
	43.99%
	73.97%


	Power efficiency (standalone 144MCL), Scenario B

	　
	Case 1
	Case 2&3

	　
	Not using WUS
	Using WUS
	Not using WUS
	Using WUS

	Ramp up/down
	10000
	10000
	10000
	10000

	Synchronization
	2000
	0
	2000
	0

	Detect WUS
	0
	100
	0
	100

	Monitor Type1-CSS
	19200
	0
	800
	800

	Decode paging message
	0
	0
	800
	800

	Light sleep in the DRX cycle
	4908
	5119
	5084
	5103

	Deep sleep in the eDRX cycle
	227.4
	227.4
	227.4
	227.4

	Total
	36335.4
	15446.4
	18911.4
	17030.4

	PCANDIDATE/PREF
	42.51%
	90.05%


	Power efficiency (standalone 164MCL), Scenario C

	　
	Case 1
	Case 2&3

	　
	Not using WUS
	Using WUS
	Not using WUS
	Using WUS

	Ramp up/down
	10000
	10000
	10000
	10000

	Synchronization
	46000
	0
	46000
	0

	Detect WUS
	0
	21200
	0
	21200

	Monitor Type1-CSS
	19200
	0
	19200
	19200

	Decode paging message
	0
	0
	19200
	19200

	Light sleep in the DRX cycle
	4468
	4908
	4276
	4524

	Deep sleep in the eDRX cycle
	4835.4
	4835.4
	4835.4
	4835.4

	Total
	84503.4
	40943.4
	103511.4
	78959.4

	PCANDIDATE/PREF
	48.45%
	76.28%


	Power efficiency (standalone 144MCL), Scenario C

	　
	Case 1
	Case 2&3

	　
	Not using WUS
	Using WUS
	Not using WUS
	Using WUS

	Ramp up/down
	10000
	10000
	10000
	10000

	Synchronization
	2000
	0
	2000
	0

	Detect WUS
	0
	100
	0
	100

	Monitor Type1-CSS
	19200
	0
	800
	800

	Decode paging message
	0
	0
	800
	800

	Light sleep in the DRX cycle
	4908
	5119
	5084
	5103

	Deep sleep in the eDRX cycle
	4835.4
	4835.4
	4835.4
	4835.4

	Total
	40943.4
	20054.4
	23519.4
	21638.4

	PCANDIDATE/PREF
	48.98%
	92.00%
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