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Introduction
[bookmark: _Ref421460494]In previous releases for machine type communications (MTC) devices such as NB-IoT, mechanisms such as Power Saving Mode (PSM) and extended DRX (eDRX) during Idle and Connected mode DRX (C-eDRX) have been defined to allow UE to save battery power by duty-cycling between different power states and reducing the time the UE is available to monitor the NPDCCH. Though this helps to reduce UE power and extend its battery lifetime, NPDCCH monitoring still consumes significant power [1,2,6] and in addition, the use of eDRX and PSM introduces significant latency on the order of several hours for various types of traffic, particularly MTC devices such as actuators expecting DL control and command type of traffic [8]. 
Note that low power consumption is one of the key desirable features to extend the life time of the battery for eMTC and NB-IoT devices. To further reduce the power consumption, one of the objectives specified during RAN#75 plenary for Rel-15 feNB-IoT [4] is stated as follows:
“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 purpose of this paper is to evaluate feNB-IoT use cases to show the benefits of using a specific physical signal or channel using wake-up signalling in terms of power consumption and latency.
Power Analysis for NB-IoT use case
0. General methodology of evaluation
During the work on NB-IoT in Release 13, battery life evaluation was performed based on the methodology described in the study on Cellular system support for ultra-low complexity and low throughput Internet of Things [7]. This model was primarily for Mobile Autonomous Reporting (MAR) traffic as defined in TR 45.820 for uplink traffic, but it also included periods where the UE spent time monitoring control channels for downlink response in either C-eDRX or I-eDRX states. 
Figure 1 shows the power states used when the monitoring of the control channels is done using Idle eDRX particularly, for shorter paging cycles <40.96 seconds. It was shown in [5] that Deep Sleep power savings that were 104 times less than the power consumed during active listening were critical to achieving long battery lifetimes greater than that of 10 years. However, the evaluation methodology didn’t account for the fact that deep sleep times of such low values also require a wake-up penalty where the UE consumes power to turn the components back on. Given that the NB-IoT UEs require more time to perform channel acquisition and synchronization, this is another factor that contributes to higher costs in periodically monitoring the control channel for DL grants or control messages during DRX ON periods. Figure 1 shows that every time the UE wakes up to monitor the PO from a sleep state, it must spend some time to re-synchronize itself with the channel, which is indicated by TPrep_PO in figure 1. 

 
[bookmark: _Ref425337423]Figure 1: Idle eDRX. 



Figure 2: Use WUR to monitor WUS for NPDCCH wake-up

In [10], it was shown that there are still cases where traffic arrives every 2hrs, the battery lifetime requirements are not met and DL reachability factors and their impact has not been fully accounted for. Although I-eDRX reduces power consumption, paging still consumes a significant amount of energy as the devices spend a large portion of their time monitoring the NPDCCH for paging messages [6]. Thus, reducing power consumption is now a trade-off with added latency or no downlink reachability for large periods of time (PSM), which may be unacceptable for many IoT use cases such as for example, an actuator device that gets triggered when the the cloud detects a certain condition. The use cases that are particularly relevant here show the following characteristics: 
· Infrequent DL traffic,  where IATs are typically in the order of several minutes, > 10 minutes
· DL reachability is a consideration, i.e. latency within several seconds < 10s is desirable.

0. Wake-up signals  
To further reduce power consumption involved in monitoring DL control channels, we need to look at other mechanisms such as lowering the active power consumption of monitoring the NPDCCH through the use of simpler signals and dedicated channels. Thus, we introduce the idea of a wake-up receiver (WUR) which is a low-power receiver that monitors the wake-up signal (WUS) which basically allows the device to operate in low power modes as shown in figure 2. 

Some of the potential power optimizations that can occur through the use of WUR are:
a) Reducing the power consumed during active monitoring of NPDCCH in either RRC_Connected or RRC_Idle state by using a simple wake-up signal dedicated for this purpose alone that doesn’t require the complex mechanism of blind decoding of NPDCCH etc. 
b) Being able to power down the receiver to deeper sleep states by allowing the receiver baseband processing modules to be shut down.
c) Reducing the time spent in active state by reducing the processing complexity for the wake-up signal (by for example using a signal that requires a non-coherent detection mechanism).

Proposal 1: Aim to define a wake-up receiver/signal design that enables the feNB-IoT UE to avoid monitoring the NPDCCH during DRX ON periods either during RRC_Connected or RRC_Idle modes to reduce UE power consumption. The monitoring instances for WUS can also be periodically duty-cycled in a manner similar to DRX operation. Details FFS. 

0. Evaluation assumptions
Table 1 presents the assumptions regarding the power consumption values that may be achievable through the use of a WUR. Note the values for WUR are projections only, and the values for I-eDRX are derived from power models used in [3] for I-eDRX. The values for WUR are based on the optimizations described in the previous section. This analysis does not include coverage enhancement impacts and mobility related activity such as cell measurements and their power consumption impact, and these will be considered for future contributions.

	
	I-eDRX
	WUR-1
	WUR-2

	PRx
	1 unit/ms
	0.8 unit/ms
	0.8 units/ms

	Light Sleep
	0.01 unit/ms
	0.01 unit/ms
	0.01 unit/ms

	Deep Sleep
	0.001 unit/ms
	0.001 unit/ms
	0.0001 unit/ms

	TPrepare_PO 1 , Ta3
	80 ms
	20 ms
	20 ms

	Tsync2
	200 ms
	200 ms
	200 ms

	Twake-up4
	0 ms
	2s
	2s

	DRX Cycle5
	5.12 seconds
	2.56 seconds
	2.56 seconds


Table 1: Power consumption assumptions for I-eDRX and WUR

Notes:
1. TPrepare_PO refers to the time spent by the UE to resynchronize itself when it is just emerging from its sleep state and is applicable to I-eDRX only
2. Tsync refers to the time spent by the UE to perform initial synchronization when it gets out of deep sleep state and in this instance is applicable to WUR-1 and WUR-2 only.
3. Ta refers to the time the WUR is in high power state to enable it to actively listen to the channel during its duty-cycle
4. Twake-up refers to  the wake-up penalty time to wake up the receiver modules needed to process the PDCCH when a WUS is detected by the WUR
5. The DRX cycle length being compared for WUR-1 and WUR-2 is 2.56 vs. to the 5.12s used by I-eDRX to account for the impact of the penalty of waking up the receiver module

In the following figures 3 and 4, we show the potential power saving gains achievable through the use of a WUR for different IAT values. We consider two different WUR values, one may achieve very deep sleep i.e. WUR-2 and the other WUR-1, achieves less deep states.
Observation 1:  The initial analysis results show that using a WUR can produce substantial power savings of up to 3-4.5x as compared to I-eDRX for feNB-IoT devices which are so battery constrained. 
Even using a less aggressive sleep state, the WUR-1 produces fairly substantial savings. As IAT values drop to a few minutes, the power savings become lower as the wake-up penalty becomes a larger portion of the overall energy consumed.
Observation 2: The wake-up penalty may be less if the WUR were to use a Light Sleep power saving mode but correspondingly also have less power savings. This may be the used by the WUR to save power for C-eDRX modes.

[image: ]
 Figure 3: Power savings comparison using a WUR-1 vs. I-eDRX for different IAT
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Figure 4: Power savings comparison using WUR-2 vs. I-eDRX for different IAT

As the IAT values increase, the wake-up receiver savings improve due to the lowered impact of wake-up penalty and the WUR shows significant gains of 3-4x power savings compared to I-eDRX. As expected, the greater the power savings achievable using Deep Sleep, the better the WUR performs. Thus, WUR-2 performs better than WUR-1 as compared to I-eDRX. These values are not unreasonable if we look at the power models used for IoT devices as specified in [9]. 
Observation 3: The initial analysis shows that for a majority of IoT traffic types as described in [7], the WUS is well-suited for power savings gain as the traffic models under consideration have IATs much higher than 30 minutes while still achieving a latency of < 5 seconds. 
Proposal 2: The use of WUR is mostly suited for use cases involving infrequent DL traffic; for the given example, power consumption benefits are observed for IAT of the data activity that is equal or more than 5 minutes or where the WUS does not cause the UE to wake the main receiver sooner than every few minutes.

0. WUS Usage
There are several likely ways in which the WUR may be utilized for feNB-IoT devices. 
1. For feNB-IoT devices, [8] showed a traffic model where the UE connects to the network for DL transport and then spends time simply waiting for a DL response or a possible network command or control type of packet. In such cases, instead of using the C-eDRX mode or the paging interval during Active period in the PSM, the WUS may be a worthwhile choice, especially given the low IAT of traffic involved and the even higher overhead involved in being able to listen to the NPDCCH.
2. For C-eDRX cases, the WUS must also be indicated to a specific UE that needs to wake up the main receiver to read the NPDCCH. It may be possible to also use the WUR as a way to include payloads that are extremely short, to signal specific UEs to take certain actions such as listen to NPDCCH 

Should WUR to be used as a replacement for paging indication? 
There are many considerations for WUR as a replacement for paging that have not been studied here including mobility behavior, the availability of WUR in enhanced coverage modes, etc. As an initial study, it might be more suitable to first examine the use of WUR for feNB-IoT UEs with low mobility requirements in good coverage areas so as to limit the paging load. There is a strong trade-off between excessive power savings achievable through WUS and frequent IATs. If there are excessive WUS waking up the UE’s main receiver, which may occur if the WUR wakes up the main receiver to receive paging messages that may not be directed to itself, then as can be seen from the analysis in figure 3 and figure 4 above, this would mimic the effect of frequent IATs, thus limiting the power savings gain. However, for low traffic loads such as those described in [7], using the wake-up signal might be feasible, pending further analysis. 
Observation 4: WUS as a replacement for paging depends on the paging load and the distribution of DL data arrivals and can be considered after a much more thorough examination of DL traffic types and paging load.
Proposal 3: For initial study of wake-up signals, the application of wake-up signals to UEs may be considered primarily for UEs with low mobility.  Coverage enhancement studies for WUS are FFS.
Conclusions
In summary, we conclude that WUS can provide significant power savings at very low latency, especially for IoT applications where DL reachability is desirable and where the DL traffic is somewhat infrequent (i.e. IAT of more than a few minutes, i.e. minutes).
Proposal 1: Aim to define a wake-up receiver/signal design that enables the UE to avoid monitoring the NPDCCH during DRX ON periods either during RRC_Connected or RRC_Idle modes to reduce UE power consumption. The monitoring instances for WUS can also be periodically duty-cycled in a manner similar to DRX operation. Details FFS.
Proposal 2: The use of WUR is mostly suited for use cases involving infrequent DL traffic; for the given example, power consumption benefits are observed for IAT of the data activity that is equal or more than 5 minutes or where the WUS does not cause the UE to wake the main receiver sooner than every few minutes.
[bookmark: _GoBack]Proposal 3: For initial study of wake-up signals, the application of wake-up signals to UEs may be considered primarily for UEs with low mobility.  Coverage enhancement studies for WUS are FFS. 
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