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1 Introduction

In RAN1#88bis, the following agreements were made with respect to the power consumption reduction for paging and connected-mode DRX [1]. The corresponding simulation assumption and metrics were also agreed [2].
Agreements:

· Techniques to be evaluated:
· Wake-up signal/channel (either relying or not relying on DL synchronization)
· Go-to-sleep signal/channel (either relying or not relying on DL synchronization)
· Compact DCI
· Dynamic USS periodicity
· The use of the technique can be semi-statically enabled/disabled by the network

In this paper, some considerations on the power saving signal are provided, including the target scope of the power saving signal, the resource configuration and the signal design. Some initial evaluations are also provided. To facilitate the discussion, we use the terminology of “power saving signal” to represent any candidate for power saving including wake-up signal/channel, go-to-sleep signal/channel, etc.
2 Scenarios for the power saving signal

An NB-IoT UE should follow some timers during the RACH process, such as the RAR window and contention resolution timer. During e.g. the RAR window, UE should keep monitoring the Type2-CSS until an NPDCCH scrambled with RA-RNTI is detected. So from the original intention of introducing the power saving signal, i.e. reducing the monitoring of search spaces for UE, the Type2-CSS should also be a target scenario of the power saving signal.
For a UE which is receiving a multicast packet on SC-MTCH, it should also follow the DRX mechanism configured in SC-MCCH. So, similar with USS, the Type2A-CSS should also be a target scenario of the power saving signal.

Proposal 1: The power saving signal should be applicable to the following search spaces:
· Type1-CSS

USS

· Type2-CSS

· Type2A-CSS

3 Resource for the power saving signal
Before considering the detailed design for the power saving signal, we consider the appropriate resource type. This is because different resource types may lead different signal/channel design.
Generally, two kinds of resource can be considered for transmitting the power saving signal:

Option 1: The power saving signal is only transmitted in invalid subframes and a resource pattern needs to be configured for the power saving signal which is a subset of the invalid subframes.

The first option is to transmit the power saving signal always in the invalid DL subframes and a resource pattern needs to be configured for the power saving signal as a subset of the invalid subframes. The advantage of this option is good backward compatibility with other signal/channels. The NPDSCH/NPDCCH transmission of Rel-13/14 NB-IoT UEs will be automatically postponed if this option is adopted and there is no need for scheduling or specification to handle new collisions with the power saving signal. However, the resource overhead may be large considering this option implies reserving a fixed or semi-static proportion of the system resource for power saving signal transmission even when all the search space occurrences need to be monitored by NB-IoT UEs. 
Option 2: Transmit the power saving signal only in valid subframes and the downlink resource can be dynamically shared between the power saving signal and other transmissions.
The other option is to transmit the power saving signal only in valid DL subframes and the DL resource can be dynamically shared between the power saving signal and other transmissions. The power saving signal in this case is only present when it is needed, rather than being always present. This option is beneficial for reducing the overhead of the power saving signal because there is no fixed/semi-statically configured dedicated resource reserved for the power saving signal based on the scheduling. However, this requires the scheduler to find sets of valid subframes long enough for NPDCCH/NPDSCH repetition that are free from any power saving signal subframes, and can result in fragmented resource which cannot be used to schedule NPDCCH/NPDSCH in some locations. Thus for this option, the scheduling flexibility and complexity have to be considered
Since different scenarios have different traffic models and may be appropriate for different options, the resource for the power saving signal is considered separately for different scenarios in the following sub-sections.
3.1 Power saving signal for paging
In Option 1,  a subset of the invalid DL subframes is reserved only for the transmission of the power saving signal. It is well known that the paging message usually does not arrive in all the paging occasions and usually on most paging occasions there is in fact no need for a UE to decode the NPDCCH for paging. Hence, from this perspective, option 1 will cause a large resource waste from subframes being marked invalid, but not used by the power saving signal. Another impact when option 1 is adopted for the power saving signal for paging is considering the eDRX is UE-specifically configured. As shown in Figure 1, since eDRX is UE specific and configured by the core network, the eNB cannot know the paging time in advance. The UE just wakes up in part, i.e. the paging time window, of the DRX cycles within one eDRX cycle and stays asleep in other DRX cycles. Then it becomes an unnecessarily invalid subframe for the power saving signal in the DRX cycles in which the UE does not wake up. 
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Figure 1: Example of resource waste of using invalid subframes for power saving signal for paging, due to eDRX mechanism

Observation 1: Requiring the power saving signal for paging to be in only invalid subframes leads to unnecessarily invalid subframes for UEs supporting eDRX.
If Option 2 (using some valid subframes for the power saving signal) is adopted for paging, as shown in Figure 2, there is no dedicated resource reserved only for the new power saving signal for paging reception reduction. For this case, only when the NPDCCH/NPDSCH on the PO needs to be decoded by a NB-IoT UE, the power saving signal needs to be read, i.e. a wakeup signal is only present when it is needed. The resource overhead is low considering the fact that on most paging occasions there is no need for a UE to decode the NPDCCH for paging.
Some fragmentation of resource may be introduced when Option 2 is adopted. This is because other transmissions are not automatically postponed on the resource of the power saving signal, and this needs to be handled by the scheduler. However, considering the low arrival probability of paging at each paging occasion, the resource fragmentation also happens with low probability. Furthermore, even when there is paging at a PO, and then there is a wake-up signal before the NPDCCH at a PO, the wake-up signal can be specified to be sent adjacent with the PO, then there is also no resource lost since the wake-up signal and the NPDCCH at a PO are occupying a continuous resource in time domain, as the Figure 2 shows.
We have the above analysis assuming that the power saving signal does not need to provide synchronization purpose. If the power saving signal is decided to achieve some synchronization purpose, the choice between option 1 and option 2 needs further considerations and evaluations because it may have different assumption on the frequency/time error and may impact the UE’s power consumption performance.
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Figure 2: Less resource fragmentation by using valid subframes for power saving signal for paging
Proposal 2: The resource of the power saving signal for paging is configured in valid DL subframes if the power saving signal is not designed to achieve synchronization purpose.
As discussed above, while using Option 2, the power saving signal should carry information through its absence/presence. Otherwise, the fragmentation could be very serious. As discussed in section 4, the wake-up signal rather than the go-to-sleep signal should be adopted for the power saving for paging reception.
Proposal 3: The power saving signal for paging is only present when it is needed, rather than being always present, if the power saving signal is not designed to achieve synchronization purpose. 
3.2 Power saving signal for connected mode DRX
The USS is configured by dedicated RRC signalling. There are usually many connected mode UEs in a cell with different USS configurations including search space period and Rmax. Hence, if valid DL subframes are adopted for connected mode, it could be quite complicated for the scheduler to avoid the collision between the power saving signal transmission and other NPDSCH/NPDCCH transmissions. The lost ability to schedule sufficient repetition subframes free from power saving signal subframes could be severe and reduce the resource utilization ability of the scheduler.
So from this perspective, it is preferred to configure the resource of the power saving signal for USS in the invalid subframes.
Proposal 4: Since there are multiple USS in a cell, the resource of the power saving signal for connected mode DRX (i.e. USS) is configured in cell-specific invalid DL subframes.
3.3 Power saving signal for Type2/Type2A-CSS
Since the Type 2-CSS is a kind of common search space with its configurations indicated in system information, then the power saving signal for Type2-CSS should also use cell specific resource. As discussed above, it is preferred to configure the resource as invalid subframes to reduce the fragmentation of resource.
The Type2A-CSS is a multicast-specific search space with its configurations indicated in SC-MCCH. So similar with USS, it is reasonable to configure the resource of the power saving signal for Type2A-CSS as cell specific and invalid subframes.

Proposal 5: The resource of the power saving signal for Type-2/2A CSS is configured in cell-specific invalid DL subframes.
4 Signal design
In general, it is preferable to design the power saving signal as sequences, because usually UE can detect a sequence with lower complexity than decoding a packet, and it is more efficient to carry few bits (e.g. 1 bit) through sequence than packet since the CRC overhead in the latter is relatively large.
4.1 Paging

According to the discussion in section 3, it has been proposed that the power saving signal carries information through its absence/presence if the power saving signal is decided not to achieve synchronization purpose. So some considerations of the signal design in this case are provided in this section.
There are two options for the signal design from the view of the functionality, one is the ‘wake-up signal’ and the other one is the ‘go-to-sleep signal’. The wake-up option means the power saving signal is only present when there is paging to come, and the ‘go-to-sleep signal’ means the power saving signal is only present when there is no paging to come.

Since it is proposed that the resource is configured in valid subframes, so we should consider the resource fragmentation issue. If we use a ‘go-to-sleep signal’, then it means that there is always a signal transmitted near a PO (at or before a PO), i.e. a GTS is transmitted while no paging and an NPDCCH is transmitted otherwise, and then the fragmentation of NPDCCH/NPDSCH subframes may be very serious. On the contrary, if the signal is a wake-up signal, then there is signal near a PO only when there is paging. So the fragmentation is largely alleviated considering the low paging probability in NB-IoT, and the continuous resource mapping of the WUS and NPDCCH for paging.
To further reduce the monitoring of Type1-CSS for UE, the wake-up signal can also indicate whether the NPDCCH at PO conveys direct indication or not.

Proposal 6:  Use wake-up signal to indicate NPDCCH for paging, i.e. a sequence is present if there is NPDCCH and absence otherwise, if the power saving signal is not designed to achieve synchronization purpose.
Proposal 7: Use of the wake-up signal to indicate whether the NPDCCH is direct indication or not can be considered.
4.2 Connected mode DRX and Type2/2A CSS
According to the discussion in section 3, it has been proposed that the resource of the power saving signal for USS/Type 2/2A CSS is configured as invalid subframes. In this case, the absence/presence signal will not bring the benefit regarding resource overhead, compared with the signal using a small number of different sequences to carry information without absence detection. It is known that generally code detection without an absence possibility, i.e. without DTX detection, has a better performance than the detection with absence possibility.  Hence, when invalid subframes are used for the power saving signal, using multiple orthogonal sequences is better than using absence/presence detection. An example could be there are two candidate sequences for the power saving signal and one indicates WAKE-UP while another one indicates NO-WAKE-UP. 
Furthermore, using the code domain can also enable CDM among signals for multiple UEs or multicast services, and this can help reduce the overhead of the power saving signal.
5 Evaluations

According to the agreements in [1], some initial evaluation results are provided in this section to show the benefit of the power saving signal. We firstly evaluate it for the paging case, and the evaluation for other cases would be presented in the future if needed.
5.1 Evaluation of the detection performance
5.1.1 Evaluation assumptions

Table 1 Link level simulation assumption

	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 

	Frequency error, 
when relying on DL synchronization
	±50 Hz 

	UE RX antenna configuration
	1 Rx

	UE NF
	5 dB

	Coupling loss
	144, 164 dB


As discussed in section 3, the power saving signal for paging carries information through its presence/absence. As an example for the purpose of the initial evaluations, the signal used in the evaluation is a 167-length ZC sequence with root index 5 which occupies 1ms subframe under standalone operation mode.
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The sequence can be repeated over multiple subframes to achieve larger coverage.

5.1.2 Evaluation results

The link level simulation results for the detection performance of the power saving signal are shown as in Table 2.
Table 2 Link level performance of the power saving signal

	
	Standalone, 164MCL
	Standalone, 144MCL

	False detection rate
	1.00%
	0.20%

	Miss detection rate
	0.73%
	0.16%

	Signal duration
	10 ms
	1 ms


According Table 2 above, we can simply assume the signal duration is 10ms and 1ms respectively for 164dB MCL and 144dB MCL in the evaluations.
5.2 Power consumption evaluation

5.2.1 Evaluation assumptions

Table 3 Reference power consumption 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.

	Idle, deep sleep 
	0.015
	Deep sleep during PSM and eDRX 

	Ramp up/down from light/deep sleep mode
	50
	Ramp up/down

	Latency of ramp up from light sleep mode
	15 ms
	Ramp up

	Latency of ramp up from deep sleep mode
	-
	Ramp up

	Latency of ramp down
	15 ms
	Ramp down


Table 4 other evaluation assumptions
	Synchronization
	Relying on DL synchronization1

	DRX cycle
	1.28 seconds

	Number of POs within one DRX cycle
	32 (i.e. nB=T/4)

	SI Modification
	32*DRX_CYCLE

	Signal type
	Wake-up signal

	Number of wake-up signal within one DRX cycle
	Equal to the number of POs (i.e. one wake-up signal indicates one PO)

	Number of carriers applicable for paging or wake-up signal
	8


Note1: we assume that the power saving signal needs to rely on the DL synchronization by NPSS/NSSS to show an initial evaluation on gain of power saving signal. This does not intend to exclude proposals of achieving some synchronization purpose by the power saving signal.
5.2.2 Evaluation scenarios

Generally we can consider the following scenarios while evaluating the power saving signal for paging.
· Scenario 1: There is no P-RNTI scrambled NPDCCH transmitted at a PO.

· Scenario 2: There is P-RNTI scrambled NPDCCH at a PO which schedules an NPDSCH which includes the NAS identity of the UE.

· Scenario 3: There is P-RNTI scrambled NPDCCH at PO which schedules an NPDSCH which does not include the NAS identity of the UE.

· Scenario 4: There is P-RNTI scrambled NPDCCH at a PO for direct indication.

According to section 4.1, the power saving signal can be designed to indicate whether the NPDCCH is direct indication or not. So for scenario 4, UE can know the SI modification through the wake-up signal and does not need to decode the NPDCCH.

In this evaluation, the scenario 2 and scenario 3 are considered together. However, it would be also possible that a wake-up signal at one PO can indicate the information about which subset of UEs are paged in the NPDSCH. This may be evaluated in the future if necessary.
According to the traffic model in TR 45.820 [3], assuming there are 80% UEs with MAR report and 20% UEs with Network command, there are about 1.36 paging arrivals (6.8 * 20% per second) per second in a cell. So during one DRX cycle (1.28s), there are on average about 2 paging demands (1.36 *1.28 ) per DRX cycle. Considering there are 32 PO(s) within one DRX cycle, then for a given PO in the DRX cycle, the probability that there is no paging arrival at the PO is about
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. Then the probability of scenario 2&3 is 0.062. As a summary, the probability of each scenario is as follows.

Table 5: Probability of each scenario

	
	Scenario 1
	Scenario 2&3
	Scenario 4

	Probability
	0.909
	0.062
	0.029


5.2.3 Evaluation results

The standalone operation mode is evaluated to show the benefit by introducing the power saving signal for paging. 

Table 6: Power efficiency for standalone at 164 dB MCL
	Energy consumption

 (units)
	Scenarios 1
	Scenarios 2&3
	Scenarios 4

	
	Not using WUS
	Using WUS
	Not using WUS
	Using WUS
	Not using WUS
	Using WUS

	Ramp up
	50*15
	50*15
	50*15
	50*15
	50*15
	50*15

	Synchronization
	100*100
	100*100
	100*100
	100*100
	100*100
	100*100

	Detect WUS
	
	100*10
	
	100*10
	
	100*10

	Monitor Type1-CSS
	100*64
	
	100*64
	100*64
	100*64
	

	Decode paging message
	
	
	100*64
	100*64
	
	

	Ramp down
	50*15
	50*15
	50*15
	50*15
	50*15
	50*15

	Light sleep in the DRX cycle
	1*(1280-15-100-64-15)
	1*(1280-15-100-10-15)
	1*(1280-15-100-64-64-15)
	1*(1280-15-100-10-64-64-15)
	1*(1280-15-100-64-15)
	1*(1280-15-100-10-15)

	Total (units)
	18986
	13640
	25322
	26312
	18986
	13640

	PCANDIDATE/PREF
	71.8%
	103.9%
	71.8%


Table 7: Power efficiency for standalone at 144 dB MCL
	Energy consumption

 (units)
	Scenarios 1
	Scenarios 2&3
	Scenario 4

	
	Not using WUS
	Using WUS
	Not using WUS
	Using WUS
	Not using WUS
	Using WUS

	Ramp up
	50*15
	50*15
	50*15
	50*15
	50*15
	50*15

	Synchronization
	100*20
	100*20
	100*20
	100*20
	100*20
	100*20

	Detect WUS
	
	100*1
	
	100*1
	
	100*1

	Monitor Type1-CSS
	100*64
	
	100*2
	100*2
	100*2
	

	Decode paging message
	
	
	100*2
	100*2
	
	

	Ramp down
	50*15
	50*15
	50*15
	50*15
	50*15
	50*15

	Light sleep in the DRX cycle
	1*(1280-15-20-64-15)
	1*(1280-15-20-1-15)
	1*(1280-15-20-2-2-15)
	1*(1280-15-20-1-2-2-15)
	1*(1280-15-20-2-15)
	1*(1280-15-20-1-15)

	Total (units)
	11128
	4829
	5126
	5225
	4928
	4829

	PCANDIDATE/PREF
	43.4%
	101.9%
	98.0%


According to Table 5 and Table 6 REF _Ref481513927 \h 
, the total reduction of using wake-up signal compared with not using under 164 dB MCL standalone operation is about 25.6%. According to Table 5 and Table 7 REF _Ref481514240 \h 
, the total reduction of using wake-up signal compared with not using under 144 dB MCL standalone operation is about 54.1%. The results are summarized in Table 8 as the metric of PCANDIDATE/PREF. 

According to the Table 5 REF _Ref481513909 \h 
, the wake-up signal is present with the probability of 0.091 (scenario 2&3&4). So the overhead of wake-up signal under standalone operation is about 
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. The summary of the resource overhead is also included in Table 8.

Table 8: Evaluation Results Summary

	
	Standalone, 164dB MCL
	Standalone, 144dB MCL

	PCANDIDATE/PREF
	74.4%
	45.9%

	System overhead
	0.28%
	0.28%


According to the evaluations above, it can be observed that the power consumption for DL synchronization occupies a large proportion of the total power consumption, and to some degree reduces the possible gain of introducing the power saving signal. So it would be helpful if the power saving signal also can provide DL synchronization. This may needs further consideration and study.
Observation 2: The power consumption for DL synchronization by using NPSS/NSSS occupies a large proportion of the total power consumption and to some degree reduces the possible gain of the power saving signal.

6 Conclusions
In this paper, some considerations on the power saving signal are provided, including the target scope of the power saving signal, the resource configuration and the signal design. Some initial evaluations are also provided. The following observations and proposals are made.
Observation 1: Requiring the power saving signal for paging to be in only invalid subframes leads to unnecessarily invalid subframes for UEs supporting eDRX.

Observation 2: The power consumption for DL synchronization by using NPSS/NSSS occupies a large proportion of the total power consumption and to some degree reduces the possible gain of the power saving signal.

Proposal 1: The power saving signal should be applicable to the following search spaces:

· Type1-CSS

· USS

· Type2-CSS

· Type2A-CSS

Proposal 2: The resource of the power saving signal for paging is configured in valid DL subframes if the power saving signal is not designed to achieve synchronization purpose.
Proposal 3: The power saving signal for paging is only present when it is needed, rather than being always present, if the power saving signal is not designed to achieve synchronization purpose. 
Proposal 4: Since there are multiple USS in a cell, the resource of the power saving signal for connected mode DRX (i.e. USS) is configured in cell-specific invalid DL subframes.
Proposal 5: The resource of the power saving signal for Type-2/2A CSS is configured in cell-specific invalid DL subframes.
Proposal 6:  Use wake-up signal to indicate NPDCCH for paging, i.e. a sequence is present if there is NPDCCH and absence otherwise, if the power saving signal is not designed to achieve synchronization purpose.
Proposal 7: Use of the wake-up signal to indicate whether the NPDCCH is direct indication or not can be considered.
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