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1 Introduction

Power consumption of DoU was evaluated in [1]. According to the evaluation result, LTE legacy DRX design and typical parameter setting result in large percentage of power spent in the active state without any grant [1]. NR design also considers UE modem energy efficiency as one of KPIs [2]. Several agreements are beneficial to UE power saving. For example, the bandwidth of control resource set is typically smaller than channel bandwidth [3]. 

In RAN1 NR ad hoc meeting in Spokane, it was proposed to study the wake-up signal along with DRX to save UE power consumption on DCI monitoring [4]. In this contribution, we first analyze the aspects related to UE power consumption in RRC_CONNECTED state. Then several power consumption reduction mechanisms with less standard work than the wake-up signal proposed in [4] are discussed. We further give a brief analysis on the pros and cons of wake up signal. Finally, we summarize our analysis. 
2 Discussion 
2.1 UE DL reception behaviours in LTE legacy connected DRX state 
The LTE UE in RRC_CONNECTED state will monitor the PDCCH to get the radio resource for a UE to receive data on PDSCH. To save the UE power, DRX function is configured. A DRX cycle consists of an ‘On Duration’ and ‘DRX period’. During ‘On Duration’ state, a UE should monitor the PDCCH to check if a schedule is granted. If a schedule message is received duration the “On Duration” period, the UE will start an “Inactive Timer”. UE keeps monitoring the PDCCH until the timer ‘Inactivity Timer’ expires or is stopped by a MAC command. Then UE will be in “DRX” period, the UE can go into the sleep mode to save power. Two DRX cycles are introduced to balance the power saving and low latency requirement. Fig 1. shows an example of LTE DRX operation.

[image: image1.emf]Receiving 

Schedule 

massage

Sleep opportunity 

Short DRX Cycle Short DRX Cycle Long DRX Cycle

On Duration

Inactivity Timer 

Expiry or DRX 

MAC CE 

Reception

Short DRX Timer 

Expiry or Long 

DRX MAC CE 

Reception

On Duration

On Duration

UE shall monitor 

PDCCH

Sleep opportunity  Sleep opportunity 


Fig 1. LTE DRX operation example
According to observation in [1], power spent on the PDCCH monitoring take a large percentage of UE modem total power consumption. The DRX configuration considered was:

· CDRX cycle: 320 milliseconds

· On-duration: 10 milliseconds

· Inactivity timer: 200 milliseconds
To reduce UE power consumption on the PDCCH monitoring, the easiest way is to reduce the value of “on-duration timer” and the value of “Inactivity timer”. The minimum value of these two timers is 1 millisecond. If we simply configure the value of “Inactivity timer” to 1millisecond rather than 200 milliseconds, the power consumption on decoding the PDCCH will be reduced significantly, but that would put a limitation to the responsiveness of the UE when a new DL packet arrives within a short period and thus potentially increase the latency. DRX MAC command can be used to save more power consumption.
Therefore, assuming that the LTE legacy DRX is used in NR, at least gNB can reconfigure the DRX parameters semi-statically when the UE traffic is changed. Short DRX cycle can be configured to balance the power saving and latency requirement. And the DRX MAC command can be used just like in LTE. Then the issue of power consumption on decoding PDCCH without grant is not so significant as shown in [1]. 
Observation 1: The power consumed on decoding PDCCH without grant depends on the DRX parameters.
Other than monitoring the PDCCH to get resource allocation, LTE UE in RRC_CONNECTED needs to monitor the serving cell and the neighbor cells to maintain UE mobility performance. An LTE UE needs to maintain the synchronization to the serving cell and measure the RSRP/RSRQ periodically. An LTE UE needs to find the neighbor cells by cell search and get the signal quality of neighbor cells from the CRSs/CSI-RSs of the neighbour. LTE UE needs to report the measurement result periodically to the network. The minimum measurement report interval in LTE is 120 milliseconds. To maintain the mobility requirement, LTE UE needs to wake-up periodically, maintain the synchronization, de-modulate the CRS/CSI-RS to get the measurement of serving cell and neighbor cells. To save UE energy, the UE normally performs the measurement before, duration or after DRX on duration time. When to perform the measurement and how much power consumed on measurement depends on UE implementation. The UE power consumed on decoding PDCCH without grant should not include the power on RRM. Consequently, when evaluating the power consumed on decoding the PDCCH without grant, it is suggested not consider the UE efforts on synchronization and channel estimation.

 Observation 2: It is very hard to identify how much power consumed on synchronization/CRS demodulation for RRM and how much power consumed on synchronization/CRS demodulation for decoding PDCCH without grant. Power consumed on synchronization and channel estimation should not be considered as the power consumption on decoding the PDCCH without grant. 

2.2 Possible mechanisms in NR to reduce the number of DCI monitoring 
As shown in section 2.1, the power consumed on decoding the PDCCH without grant depends on the DRX parameter setting. NR gNB can set the UE-specific DRX parameters to consider the tradeoff between the traffic latency requirement and UE power saving requirement. When the QoS requirement is changed, the gNB may reconfigure the UE-specific DRX parameters to adapt to the current traffic requirement. For example, gNB may configure the DRX parameters in the following DRX parameter during the current wake up time. The new parameters can be configured to UE using high layer signaling, MAC command and physical signaling. 
Meanwhile, the gNB can stop the DCI monitoring using DRX MAC command similar as in LTE. A small improvement in NR can be such that gNB can stop the DCI monitoring dynamically rather than semi-statically. For example, a UE-specific DCI contains stop-DCI-monitoring information may be sent to the UE. This message can be included in the last DCI with an assignment/grant or can be in a separate new DCI. The contents of the new format of PDCCH can include the new DRX parameters or the index of the new DRX parameter sets. 

The PDCCH monitoring granularity in time domain is 1 millisecond in LTE (without considering sTTI). In NR, the minimum DCI monitoring granularity in time domain is a slot or a mini-slot, which is smaller than 1 millisecond. To reduce the number of DCI monitoring, longer DCI monitoring occasions can be configured by gNB, as shown in [5].
Observation 3: The number of DCI monitoring can be significantly reduced without introducing the new wake-up signal. The following mechanisms without standard effort or with small standard work can be used in NR:

·  Configure/reconfigure DRX parameters dynamically and/or semi-statically
· Using high layer or physical layer stop-signaling
· Long DCI monitoring occasion setting 
2.3 Analysis on the wake-up signal
A wake-up signal based on non-coherent signal detection pre-DRX-on-duration was proposed to be considered in NR [4]

 REF _Ref473140699 \r \h 
[6]. According to [4]

 REF _Ref473140699 \r \h 
[6], the gNB could provide a “wake-up”  signal, or WUS, to the UE closely before the start of the ON duration. The WU signal indicates to the UE whether it should expect 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 following table gives the brief analysis on the options from the NR ad hoc meeting [4]. 
Table 1. Technical analysis on WUS

	
	Pros.
	Cons.

	OOK-based tone signals
	Low detection complexity, no channel estimation
	· High miss detection alarm and false alarm
· Need to maintain synchronization

· The number of UE simultaneously woken-up is limited
· Totally new channel, much standard effort.

· Decreases the system spectrum efficiency.

	Frequency domain orthogonal sequences
	Relatively low detection complexity, no channel estimation operation
	· Need to maintain synchronization

· The number of UEs simultaneously woken-up is limited.
· New channel, more standard work.

· Decreases the system spectrum efficiency.

	Simplified PDCCH
	Narrow band receiver, relatively low complexity
	· Need additional hardware for UE depending on the detailed design. 
· Need to maintain synchronization.
· Requires channel estimation operation. 

· Less standard work.

	Simplified PHICH-like channel
	Relatively low detection complexity
	· Need additional hardware for UE depending on the detailed design. 

· Need to maintain synchronization.

· The number of UE simultaneously woken-up is limited.


In all, these wake-up signal design options can reduce the receiver complexity to some degree. However, each mechanism needs to maintain the synchronization to the serving cell.  The power saving gain comes from channel estimation complexity reduction, which is limited. The number of woken-up UE simultaneously is limited in most of cases. If the UE anyhow needs to perform the DL measurement for RRM, the power saving gain from the wake-up signal is very limited.
The basic idea behind the wake up signal in [4] is to skip the DCI monitoring if there is no grant in the following cycle. If we set the on-duration timer equal to 1, then using the traditional LTE DRX mechanism can get nearly same power saving gain as using the WUS, if the power consumed on decoding one DCI is comparable to the power consumed on detecting WUS. In addition, if there is a grant, then the total power consumed on detecting the WUS and decoding the DCI will be more than only decoding the DCI. In addition, if there is no grant for a long time, gNB may configure the longer DRX cycle to reduce the power consumption on DCI monitoring. Considering these factors, the wake up signal might even increase UE power consumption in some degree. This could be mitigated to some extent if we consider that the modem may be ramped up anyway for synchronization and RRM measurements, or if a shorter DRX cycle is used with a wake-up signal and a short ramp-up WU receiver. The efficiency of a WUS might also be further enhanced with relaxed UE measurement requirements.
The gain of the WUS is dependent on the service, thus it is envisioned that the WU can be activated on UE/service basis. However, the evaluation of the overall performance and power consumption depends on various system assumptions, e.g on cell topology, traffic patterns and power consumption model. Additionally, several technical options and planning parameters needs to be considered, e.g. WUS design, signal detection and false alarm probabilities, latency, WU capacity/coverage and WU signal overhead.   
Observation 4: Some form of a wake-up signal might be beneficial for NR but it requires careful consideration and design.
3 Conclusions
In this paper, we analyze the LTE UE DL reception behavior in RRC-CONNNETED state. We also analyze the simulation assumptions in previous evaluation and the possible mechanisms to reduce the number of DCI monitoring. Based on our analysis, we make the following observations:
Observation 1: The power consumed on decoding PDCCH without grant depends on the DRX parameters.
Observation 2: It is very hard to identify how much power consumed on synchronization/CRS demodulation for RRM and how much power consumed on synchronization/CRS demodulation for decoding PDCCH without grant. Power consumed on synchronization and channel estimation should not be considered as the power consumption on decoding the PDCCH without grant. 

Observation 3: The number of DCI monitoring can be significantly reduced without introducing the new wake-up signal. The following mechanisms without standard effort or with small standard work can be used in NR:

·  Configure/reconfigure DRX parameters dynamically and/or semi-statically
· Using high layer or physical layer stop-signaling
· Long DCI monitoring occasion 
· Hierarchical the DCI monitoring occasion setting
Observation 4: Some form of a wake-up signal might be beneficial for NR but it requires careful consideration and design.
It is worthwhile to consider ways to reduce UE power consumption. Based on the analysis and above observations, and considering the schedule for NR completion, mechanisms with small standard effort (such as listed in observation 3) can be considered in Rel-15, with study of wake-up signals deferred to a later release. 
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