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1 Introduction

The eFeMTC WID [1] aims to reduce the power consumption for physical channels by the following potential mechanisms:
· Power consumption reduction for physical channels [RAN1 lead, RAN2, RAN4]

· Study and, if found beneficial for idle mode paging and/or connected mode DRX, specify physical signal/channel that can be efficiently decoded or detected prior to decoding the physical downlink control/data channel.

The physical signal/channel to be specified was discussed in RAN1 #88bis and the techniques include [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

· Reduced-bandwidth MPDCCH

· Dynamic USS periodicity

In this contribution, we discuss the resource configuration and signal design for the physical signal/channel prior to the physical downlink control channel. The discussion applies for both the wake-up signal/channel and the go-to-sleep signal/channel. The physical signal/channel is also evaluated according to the agreed evaluation assumptions [3].
2 For idle mode paging
Rel-13 discussed in detail whether to use MPDCCH or to remove MPDCCH for PDSCH carrying the paging message, and it was agreed to reserve MPDCCH for the scheduling information for PDSCH or the direct indication. In Rel-15, we do not need to discuss again the necessity of MPDCCH for paging which can be used in the same way as in Rel-13. So the following discussion is for physical signal/channel prior to MPDCCH with CRC scrambled by the P-RNTI.

2.1 Time and frequency location of physical signal/channel prior to MPDCCH

As an MPDCCH scrambled by the P-RNTI can only start at a certain PO in a PF of a UE, the time location of the physical signal/channel prior to that MPDCCH can be defined by wake-up occasion (WUO) and wake up frame (WUF). We take wake-up signal/channel as an example, and the concept can also be applied for go-to-sleep signal/channel. 

The consideration for the WUO and WUF is that they can be determined in the same way as Rel-13 PO, PF, i.e., determined by the UE_ID and DRX parameters. Thus, the UE using DRX in idle mode needs only to monitor one WUO per DRX cycle. The wake-up signal/channel can be repeated for coverage enhancement, and WUO refers to the starting subframe of wake-up signal/channel repetitions. The actual PO and PF for the UE are determined as follows:
Denote the ending subframe of the wake-up signal/channel or go-to-sleep signal/channel as subframe n, the PO for the Rel-15 UE can be the first PO after subframe n+1 (assuming 1 subframe for decoding of the wake-up signal/channel or go-to-sleep signal/channel) in the PO set. The PO set consists of POs for all the UEs in the system, which is cell specific. Thus, for the Rel-15 UE and other pre-Rel-15 UEs deriving the same PO based on the Rel-13 PF/PO determination mechanism, they can use the same P-RNTI scrambled MPDCCH and even their paging records can be multiplexed in the same paging message. An example of wake-up signal/channel and its related MPDCCH is shown in Figure 1. Subframes 0,4,5,9 are subframes for POs  in the PO set as the figure shows.
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Figure 1 Example of WUO and its related MPDCCH
The physical signal/channel prior to MPDCCH can occupy the whole narrowband. It can also adopt the Rel-13 PNB determination method, i.e. the set of narrowband can be used for the physical signal/channel in the system is determined by the cell ID, and UE calculates its narrowband in the set according to its UE_ID. In this way, the physical signal/channel and its related MPDCCH will occupy the same narrowband.

Proposal 1: The frequency resources and starting subframe of the wake-up or go-to-sleep signal/channel are determined by reusing the Rel-13 mechanism for determining the frequency resources and starting subframe of P-RNTI scrambled MPDCCH.

Proposal 2: When the wake-up or go-to-sleep signal/channel is configured for a BL/CE UE, the P-RNTI scrambled MPDCCH starts at the first PO in the cell specific PO set after the ending subframe of the wake-up or go-to-sleep signal/channel plus 1 subframe.

2.2 Signal design of physical signal/channel prior to MPDCCH

The physical signal/channel prior to MPDCCH should be easier to decode or detect than MPDCCH. It should contain only the minimum necessary information. The frequency domain sequences can be considered. There are a group of UEs monitoring the same frequency resources and starting subframe of the wake-up or go-to-sleep signal/channel, see section 2.1. This group of UEs can monitor for the same sequence or can be divided into several sub-groups each monitoring a same sequence. In the latter case, all sequences for this group of UEs can be multiplexed in the same time and frequency location. Choice of the number of UEs  served per sequence needs to balance the detection performance and the power savings. An example of the wake-up or go-to-sleep sequence design is to reuse the LTE secondary synchronization signal (SSS).
Proposal 3: Frequency domain sequences can be used as the wake-up or go-to-sleep signals for idle mode paging. Each sequence can be addressed to one or multiple UEs.
2.3 Evaluation of physical signal/channel prior to MPDCCH
For the evaluation, we assume the SSS sequences are used as wake-up signal or go-to-sleep signal. The sequence can be transmitted in non-CRS symbols. We assume 8 times in a subframe. In every DRX cycle, the UE ramps up from light sleep to detect the signal and decides whether to decode the following channel(s). When the UE finishes detecting all the signal/channel(s) in the DRX cycle, it ramps down to light sleep. We consider the following cases. Other assumptions are shown in the appendix. 

Case 1: There is no P-RNTI scrambled MPDCCH transmitted.
· Case 1.1: If no physical signal prior to MPDCCH used, the UE detects MPDCCH and then continue to sleep.

· Case 1.2: If the physical signal prior to MPDCCH is used, the UE detects the signal and then continue to sleep.
Case 2: There is P-RNTI scrambled MPDCCH transmitted for direct indication.
· Case 2.1: If no physical signal prior to MPDCCH used, the UE detects MPDCCH.

· Case 2.2: If the physical signal prior to MPDCCH is used, the UE detects the signal and MPDCCH.

Case 3: There is P-RNTI scrambled MPDCCH transmitted for PDSCH scheduling. And the paging message is for the UE itself.
· Case 3.1: If no physical signal prior to MPDCCH used, the UE detects MPDCCH and PDSCH.

· Case 3.2: If the physical signal prior to MPDCCH is used, the UE detects the signal and then detects MPDCCH and PDSCH.

Case 4: There is P-RNTI scrambled MPDCCH transmitted for PDSCH scheduling. And the paging message is for another UE.

· Case 4.1: If no physical signal prior to MPDCCH used, the UE detects MPDCCH and PDSCH.

· Case 4.2: If the physical signal prior to MPDCCH is used, assuming the said another UE and the objective UE are in the same UE group the physical signal served, the physical signal would indicate the objective UE to continue detecting MPDCCH and PDSCH and the case is similar as case 3.2.
Table 1 shows the power efficiency and system overhead evaluation of physical signal/channel prior to MPDCCH. Case 3 and 4 can be considered together since the UE should decode the MPDCCH and MPDSCH no matter whether the paging message contains its identity or not.
Table 1 Evaluation of wake-up signal (WUS) or go-to-sleep signal (GTSS) prior to MPDCCH
	
	
	Case 1: no MPDCCH
	Case 2: MPDCCH for direct indication
	Case 3: paging message for the UE itself

Case 4: paging message is for another UE.

	
	
	Case 1.1:

Not using WUS or GTSS
	Case 1.2:

Using WUS or GTSS
	Case 2.1:

Not using WUS or GTSS
	Case 2.2:

Using WUS or GTSS
	Case 3.1&4.1:

Not using WUS or GTSS
	Case 3.2&4.2:

Using WUS or GTSS

	power efficiency
	Ramp up
(units)
	50*15 = 750 
	50*15 = 750 
	50*15 = 750 
	50*15 = 750 
	50*15 = 750 
	50*15 = 750 

	
	Sync
(units)
	100*2 = 200 
	100*2 = 200 
	100*2 = 200 
	100*2 = 200 
	100*2 = 200 
	100*2 = 200 

	
	Detect WUS or GTSS
(units)
	
	100*8 = 800
	
	100*8 = 800
	
	100*8 = 800

	
	Decode MPDCCH
(units)
	100* 32 = 3200 
	
	100* 32 = 3200 
	100* 32 = 3200 
	100* 32 = 3200 
	100* 32 = 3200 

	
	Decode PDSCH
(units)
	
	
	
	
	100*64 = 6400
	100*64 = 6400

	
	Ramp down
(units)
	50*15 = 750 
	50*15 = 750 
	50*15 = 750 
	50*15 = 750 
	50*15 = 750 
	50*15 = 750 

	
	Sleep in a DRX cycle
(units)
	1*1216 = 1216
	1*1240= 1240
	1*1216= 1216
	1*1208= 1208
	1*1152= 1152
	1*1144= 1144

	
	Total

(units)
	6116
	3740
	6116
	6908
	12452
	13244

	
	Power consumption ratio (power for case x.2/case x.1)
	61.2%
	112.9%
	106.3%

	system overhead
	WUS
	
	0
	
	0.024
	
	0.024

	
	GTSS
	
	0.024
	
	0
	
	0


For both wake-up signal and go-to-sleep signal, the UE needs to start monitoring at the signal transmission occasion. So the power spent for the UE to detect wake-up signal and go-to-sleep signal would be the same. In table 1, the system overhead for wake-up signal or go-to-sleep signal is calculated as 8ms * 6PRBs*32/1280ms *50PRBs = 0.024.
To evaluate the power efficiency and system overhead effect of the signal considering all the cases, it needs to estimate the probability of these cases. According to the traffic model in [4], there are 52547 devices within a cell, and there are 1.36 paging arrivals per second in a cell. So during one DRX cycle (1.28s), there are totally 1.36 *1.28 = 2 paging demands. 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 coming at the PO is about 
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. And then the probability of case 3&4 is 0.062. Then the power consumption when using the signal can be reduced to 65.5% of not using the signal. The system overhead of WUS is 0.002 and the system overhead of GTSS is 0.022. 
Observation 1: Using the wake-up or go-to-sleep signal/channel prior to MPDCCH scrambled by P-RNTI can reduce the UE’s power consumption.

Observation 2: The system overhead of go-to-sleep signal/channel is higher than wake-up signal/channel.

3 For connected mode DRX
3.1 Time and frequency location of physical signal/channel prior to MPDCCH

For UEs in RRC connected mode, a DRX cycle consists of an ‘On Duration’ state and ‘DRX’ state. During ‘On Duration’ state, a UE should monitor the MPDCCH to check if it receives scheduling information. If it does, the UE will start an “Inactivity Timer”. UE keeps monitoring the MPDCCH until the timer ‘Inactivity Timer’ expires or is stopped by a MAC command. Then UE will be in “DRX” state, and the UE can go into the sleep mode to save power. 
Since only a small percentage of MPDCCH decoding yields a DL/UL grant relevant to the UE, the legacy connected mode DRX design and typical parameter settings result in large percentage of power expended to decode MPDCCH without finding any grant during ‘On Duration’ state. To alleviate the power consumption on decoding MPDCCH, the eNB could provide a physical signal/channel to the UE shortly before the start of the ON duration. The physical signal/channel indicates to the UE whether it should expect a grant for the upcoming ON duration. If no grant should be expected, the UE can optionally go back to sleep and skip the ON duration. 
The narrowband the physical signal/channel can be RRC signaled in RRC connected mode.

Proposal 4: The wake-up or go-to-sleep signal/channel prior to MPDCCH for a UE in RRC_CONNECTED state can be transmitted shortly before the start of the ON duration in the RRC signaled narrowband.
3.2 Signal design of physical signal/channel prior to MPDCCH

Unlike MPDCCH scrambled by P-RNTI, MPDCCH in connected mode is UE specific. If the physical signal/channel prior to MPDCCH serves a group of N UEs, N UEs will wake up to detect MPDCCH when only one of them really needs to do. The wake up of N-1 UEs has the same effect as false alarm and the power saving benefit for these N-1 UEs will not be gained. The power saving benefit would be even less when the physical signal/channel indicates whether there is grant in the upcoming ON duration with the  ON duration timer larger than 1. That is because even only one UE in the group has its grant in one or several subframes during the ON duration, all the UEs in the group would wake up to detect MPDCCH. Thus, it is considered that the physical signal/channel serves a specific UE. 
As the number of frequency domain sequences or the orthogonal sequences is limited, if they are used as the physical signal/channel to separate some UEs, more time or frequency resources will be necessary to further separate UEs to make the signal serve a specific UE. To reduce the system overhead from this point of view, we can carry the UE identity information in the physical channel prior to MPDCCH. For example, a very compact DCI, e.g.1bit DCI can be transmitted prior to MPDCCH carrying the grant.
Proposal 5: The wake-up or go-to-sleep channel prior to MPDCCH for a UE in RRC_CONNECTED state carries the UE identity information via a very compact DCI.

3.3 Consideration on the power benefit

The benefit of the physical channel on UE’s power saving depends on the DRX parameter setting and traffic characteristics. If we set the ON duration timer equal to 1, then the power saving by using the physical channel to skip the MPDCCH monitoring during ON duration without grant is not so significant but additional resources are required. The ON duration timer setting should balance the power saving and latency requirement, as the short ON duration timer would put a limitation to the responsiveness of the UE when a new DL packet arrives/the UE has new UL packet to send and thus potentially increase the latency. 
For certain parameter setting and traffic characteristic, the power overhead of the physical channel decoding can even remove any potential savings that comes with it. As an extreme example, if there is a grant every DRX cycle, then the total power consumed on detecting the physical channel and decoding the MPDCCH will be more than only decoding the MPDCCH. 

Thus it is envisioned that the network can choose to configure or not to configure the transmission of the physical channel.
Proposal 6: The network can UE-specifically configure the transmission of the wake-up or go-to-sleep channel prior to MPDCCH in RRC_CONNECTED state.

4 Conclusion
This contribution discusses the physical signal/channel prior to the physical downlink control channel to reduce UEs’ power consumption. The observations and proposals are as following:
Observation 1: Using the wake-up or go-to-sleep signal/channel prior to MPDCCH scrambled by P-RNTI can reduce the UE’s power consumption.

Observation 2: The system overhead of go-to-sleep signal/channel is higher than wake-up signal/channel.

Proposal 1: The frequency resources and starting subframe of the wake-up or go-to-sleep signal/channel are determined by reusing the Rel-13 mechanism for determining the frequency resources and starting subframe of P-RNTI scrambled MPDCCH.

Proposal 2: When the wake-up or go-to-sleep signal/channel is configured for a BL/CE UE, the P-RNTI scrambled MPDCCH starts at the first PO in the cell specific PO set after the ending subframe of the wake-up or go-to-sleep signal/channel plus 1 subframe.

Proposal 3: Frequency domain sequences can be used as the wake-up or go-to-sleep signals for idle mode paging. Each sequence can be addressed to one or multiple UEs.
Proposal 4: The wake-up or go-to-sleep signal/channel prior to MPDCCH for a UE in RRC_CONNECTED state can be transmitted shortly before the start of the ON duration in the RRC signaled narrowband.
Proposal 5: The wake-up or go-to-sleep channel prior to MPDCCH for a UE in RRC_CONNECTED state carries the UE identity information via a very compact DCI.

Proposal 6: The network can UE-specifically configure the transmission of the wake-up or go-to-sleep channel prior to MPDCCH in RRC_CONNECTED state.
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Appendix
Simulation assumptions for the evaluation
	Parameter
	Value

	BS TX antenna configuration 
	2 Tx 

	BS power
	43 dBm per TX port

	System BW
	10 MHz

	Band 
	Band 8 (900 MHz) 

	Channel model 
	ETU 

	Doppler spread 
	1 Hz 

	Frequency error

when relying on DL synchronization
	±30 Hz 

	UE RX antenna configuration
	1 Rx

	UE NF
	9 dB

	Coupling loss
	154  dB

	Cross-subframe channel estimation
	1 subframe for MPDCCH

Slide average for PDSCH

	DCI
	12 for MPDCCH of paging

	TBS for PDSCH
	328 bits

	Miss detection rate
	10% for SSS
1% for MPDCCH

10% for PDSCH

	False detection rate 
	1% for SSS
2-16 for MPDCCH

	DRX cycle
	1.28 seconds

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

	SI Modification
	32*DRX_CYCLE


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.

	Transitions between states
	50 
	Boot, reload memory etc. 
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