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1 Introduction

In RAN#75, a new WID on further NB-IoT enhancements was approved [1]. A set of the objectives is for further latency and power consumption reduction:
Further latency and power consumption reduction

· Power consumption reduction for physical channels

· 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. [RAN1,  RAN2,  RAN4]

· Study and, if found beneficial, support UL/DL semi-persistent scheduling [RAN2, RAN1, RAN4]

· Evaluate power consumption/latency gain and specify necessary support for DL/UL data transmission on a dedicated resource during the Random Access procedure after NPRACH transmission and before the RRC connection setup is completed. [RAN2, RAN1, RAN3] 

· Consider further enhancement of quick release of RRC connection after the last data transmission[RAN2]
· Relaxed monitoring for cell reselection [RAN2, RAN4]
· Enable relaxed UE monitoring for cell (re)selection e.g. by (re)configuration
· Support for physical layer SR [RAN1, RAN2]

· Support for RLC UM in addition to Rel-14 SC-PTM support [RAN2]
In this paper, the issue of power consumption reduction for physical channels related to paging and connected-mode DRX is discussed. The first part of this paper mainly analyzes the nature of UE power consumption while monitoring PO, USS, Type2-CSS and Type2A-CSS, and gives observations on which parts of power consumption can be further reduced without impact on the target traffic. The second part provides the initial considerations for the wake-up signal, including the basic concept, functions and benefits.
2 Unnecessary power consumption of UE
In Rel-13/14 NB-IoT, a UE in RRC_IDLE mode monitors Type1-NPDCCH common search space starting from the POs every DRX cycle to detect whether there is a paging message where a SI change can be also indicated. A UE in RRC_CONNECTED mode monitors its NPDCCH UE-specific search space in every NPDCCH period (with DRX mechanism) to detect whether there is any scheduling for the UE. 
2.1 Paging monitoring
· Unnecessary monitoring of PO
According to the legacy mechanism, there could be no NPDCCH scrambled with P-RNTI at a PO if there is no paging message scheduled and no SI modification. A UE can conclude there is no NPDCCH at the PO if and only if the UE finds no candidate among all the candidates within Rmax milliseconds, as  Figure 1 shows. The value of Rmax for Type1-CSS is usually very large since it should cover all UEs in a cell. This is evidently a waste of power for UE since the UE does not need to expend this effort in many POs in practice.
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Figure 1 Unnecessary monitoring of PO 
· Unnecessary decoding of paging message
Even if a UE does decode an NPDCCH for P-RNTI, since a PO is applicable to a group of UEs, a given UE may find the paging message on NPDSCH does not contain its IMSI information, as the Figure 2 shows. This unnecessary decoding of paging message on NPDSCH also results in UE power waste.
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Figure 2 Unnecessary decoding of paging message

Actually the unnecessary decoding of paging message cannot be completely solved since it is almost impossible to accurately indicate the paging situation of every UE at a per-IMSI level, and it is also unnecessary. But some methods can be considered to improve the situation, considering that many NB-IoT UEs may be paged very infrequently, e.g. once per hour or once per day. This suggests there is a large space to further reduce the UE power consumption for paging. 
Observation 1: It is beneficial to further reduce the UE power consumption for paging monitoring.

2.2 USS monitoring 
· Unnecessary monitoring of USS
UE in RRC_CONNECTED mode should keep monitoring the USS according to the DRX configuration of MAC layer. However, if there is no scheduling for a UE during one NPDCCH period, the UE can conclude there is no NPDCCH if and only if the UE finds no candidate among all the candidates within Rmax milliseconds, as the Figure 3 shows. This is a waste of power for UE since the UE does not need to expend this effort in practice. As the Rmax value for the USS increases, so does the power consumption that could have been avoided.
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Figure 3 Unnecessary monitoring of USS
· Unnecessary power consumption due to blind search of candidates

According to the mechanism of USS, there are at most 15 candidates within one USS, as shown in Figure 3. That means, even if there is a scheduled grant for a UE in its USS, the UE should decode from the beginning of the USS to the end of its candidate. This is a waste of power for UE since the UE does not need to decode the candidates other than its candidate.
Observation 2: It is beneficial to further reduce the UE power consumption for USS monitoring.

2.3 Other cases
During random access procedure, UE should monitor Type2-CSS after sending NPRACH to eNB to detect the corresponding RAR, and UE should also monitor Type2-CSS after sending Msg3 to detect the NPDCCH for Msg4 or Msg3 retransmission. So there are chances to reduce power consumption while UE monitors Type2-CSS, similar to USS monitoring.
SC-MTCH transmission in NB-IoT also supports the DRX mechanism which is configured in SC-MCCH, meaning there are similar chances to reduce  power consumption while UE monitors Type2A-CSS. Furthermore, a software upgrade packet in NB-IoT maybe last for a relatively long duration, so the power waste is non-negligible for UE receives multicast.
Observation 3: There are also chances to reduce power consumption for UE while monitoring Type2-CSS and Type2A-CSS.

3 Wake-up signal for power consumption reduction
A new signal can be considered to introduce for NB-IoT to help reduce the unnecessary power consumption of UE. The new signal could be aimed for waking up UE to monitor NPDCCH search space just when the UE is really needed to do so. So, the signal can be denoted by wake-up signal. 
3.1 Benefit

With the wake-up signal, UE can selectively monitor a USS/Type1 /Type2 /Type2A-CSS according to the indication of the wake-up signal. Under this mechanism, the UE can reduce the amount of unnecessary monitoring of search spaces which do not contain NPDCCH scheduling actually intended for the UE.

The wake-up signal could be designed in the form of sequence, e.g. OFDM symbol-level sequence, slot-level sequence or subframe-level sequence etc., which can be detected by UE with a much shorter duration than decoding a data packet on NPDCCH and NPDSCH.

Take a simple example to analyze the benefit of wake-up signal compared with the current paging mechanism. Suppose one wake-up signal occupies 1ms, and the Rmax of Type1-CSS is configured as e.g. 512. Then once no effective NPDCCH at a given PO, the UE should still consume 512ms to monitor the PO according to the current paging mechanism, but consumes only 1ms to monitor the wake-up signal. The benefit is quite evident. Furthermore, if wake-up signal is designed as a sequence, then UE could only need to perform a relatively simple correlation operation instead of the full decoding operations, which can further help reduce the UE power consumption. 

The wake-up signal can help reduce the processing time of UE for e.g. blind detection of search spaces, which is beneficial for reducing UE’s power consumption. Furthermore, a separate wake-up receiver may be possible to allow switching off much of the normal baseband processing, if the design of wake-up signal supports energy detection without baseband processing.
Proposal 1: A wake-up signal is introduced for NB-IoT to selectively wake up UEs to monitor an NPDCCH search space for idle mode paging and connected mode DRX

Proposal 2: The wake-up signal can be also applied to RAR/Msg4 reception, Msg3 retransmission and SC-PTM reception.

Proposal 3: A UE is required to monitor a USS/Type1-CSS/Type2-CSS/Type2A-CSS only when the wake-up signal provides an indication to that effect.
4 Conclusions
In this paper, the cases where UE power consumption can be reduced while monitoring many NPDCCH search spaces is discussed. Some considerations for a so-called wake-up signal are also provided, and the possible benefit of the wake-up signal is analyzed. Several observations and proposals are made:
Observation 1: It is beneficial to further reduce the UE power consumption for paging monitoring.

Observation 2: It is beneficial to further reduce the UE power consumption for USS monitoring.

Observation 3: There are also chances to reduce power consumption for UE while monitoring Type2-CSS and Type2A-CSS.

Proposal 1: A wake-up signal is introduced for NB-IoT to selectively wake up UEs to monitor an NPDCCH search space for idle mode paging and connected mode DRX

Proposal 2: The wake-up signal can be also applied to RAR/Msg4 reception, Msg3 retransmission and SC-PTM reception.

Proposal 3: A UE is required to monitor a USS/Type1-CSS/Type2-CSS/Type2A-CSS only when the wake-up signal provides an indication to that effect. 
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