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Introduction
RAN1#86 agreed to study the impact of UE DL reception energy consumption with a focus on Days of Use (DoU) based on [1]. Specifically, UE power reduction techniques are to be studied from the system design perspective. In [2], we presented a methodology for evaluating and modeling UE’s power consumption and in [3] we argued that the portion of time that UE monitors PDCCH without any data allocation has a major impact on UE power consumption and should be optimized. Another company’s contribution [4] also suggests that the control channel design is a system design related item to be considered. 
We suggested two proposals in [3], namely (1) introducing a wake-up signal (WUS), and (2) narrower band or cross-slot scheduling. 
In this contribution, we further present the design requirements and guideline for the design of WUS to be considered for NR. At the end we propose way forward on evaluation for WUS for efficient progress in RAN1 to design WUS. We also note that RAN2 is also considering UE power improvements for NR in general and the power-performance tradeoff of WUS in particular [5]. 

Consideration for Wake-Up Signal Design
As discussed in [3], the system level power impact on the UE can be alleviated by introduction of a new signal slightly before on-duration, where UE is simply informed of potential scheduling on PDCCH (or rather if it can skip the next wake-up for on-duration).  If the energy expended to receive the wake-up signal is substantially lower than the energy to get through the ON duration, the overall power consumption can be reduced[footnoteRef:2]. [2:  Under the condition that there is no data grant for a sufficient percentage of DRX cycles.] 

The timeline flow of the WUS with respect to CDRX wake up is shown in Figure 1.





[bookmark: _Ref465896981]Figure 1 Timeline flow of wake-up signaling before CDRX on-duration

WUS design trade-offs 
The introduction of WUS comes with its unique trade-offs. Specifically, 
1) WUS mis-detection (WUS indication is sent but not decoded by the UE): The misdetection impact is additional latency, capacity loss (PDCCH/PDSCH). 
2) WUS false alarm (UE wakes up for PDCCH monitoring but does not get any data). Therefore the signalling design and the receiver can consider a lower misdetection rate at the cost of slightly higher false alarm given that the penalty for mis-detection is higher than false alarm.
3) WUS decoding robustness vs. overhead: reducing the WUS decoding power comes at the cost of system overhead. Some of the resource elements have to be periodically assigned to this signalling.  
4) WUS decoding power consumption vs. skipped DRX cycle savings: for certain parameter settings and traffic applications, the power overhead of WUS decoding can remove any potential savings that comes with it. As an extreme example, if gNB has data on every DRX cycle and inactivity timer is short, UE will incur both WUS decoding as well as the regular PDCCH/PDSCH decoding needed. Thus, the network can choose to configure or not to configure WUS with CDRX.

WUS design options
Based on the above, the following options for WUS can be considered: 
· OOK-based tone signals
· Assumes non-coherent energy detection with very light receiver complexity
· Design parameters
· Number of tones
· Number of guard tones
· Number of symbols
· Preferably it is better not to expand over symbols from power saving perspective
· How to achieve time/frequency diversity
· Tone patterns in time/frequency
· Frequency domain orthogonal sequences (e.g. Zadoff-Chu like sequences) 
· Potentially it can span over multi-symbols but not desirable from power consumption perspective
· Simplified PDCCH
· Where the baseband processing is substantially subsampled to allow a lighter version of receiver processing 
· Simplified PHICH-like channel
· Other options not precluded

Companies are encouraged to investigate and present preferred design for WUS by next RAN1 meeting and also to present power consumption aspects for the receiver of their proposed WUS.
The metrics for the evaluation of WUS can be mis-detection and false alarm probability. Performance in AWGN and fading channels (e.g., CDL-C, 100/300 ns delay spread with UE speed 3km/h) can be studied.

Conclusions
This contribution has discussed potential design direction for WUS for connected mode DRX in NR. 
Proposal: Companies are encouraged to investigate and present preferred design for WUS by next RAN1 meeting and also to present power consumption aspects for the receiver of their proposed WUS. The metrics for the evaluation of WUS can be mis-detection and false alarm probability. Performance in AWGN and fading channels (e.g., CDL-C, 100/300 ns delay spread with UE speed 3km/h) can be studied.
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