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1. Introduction 
An important aspect of UE implementation is UE power saving, in order to increase battery lifetime. An important tool to reduce UE power consumption is DRX, whereby a UE only receives for certain periods of time and otherwise enters a low power state. 

Although DRX provides power consumption gains, further gains could be provided if the UE did not have to wake up at all during DRX_on periods. Hence methods of wake-up signaling that cause a UE to wake up only when there is a possibility that data is scheduled for it during the DRX on period are of interest. There has been significant interest in power consumption reduction through the use of wake-up signaling in RAN1[1-13].
For eMBB services, which are one of the main focus areas of NR, it has been shown [1], [2] that, for applications that cause the UE to operate in CDRX mode for a significant proportion of their time, significant power consumption saving can be achieved through the use of CDRX-mode wake up signaling. For example, for a “Google Hangout” type of application, CDRX optimisations such as wake-up signaling have been shown to provide a power saving gain of up to 35% [2].
This document considers some design guidelines for a wake-up signal for NR, with a view to reducing power consumption. It is found that it is preferable if the wake-up signal can be decoded without prior synchronization. As such, the wake-up signal could also be applied to IDLE mode operation (e.g. in a future release). It is found that a reduction of PDCCH blind decoding does not significantly reduce UE power consumption. Some aspects of the operation of wake-up signaling related to WUS functionality, UE vs group-specific WUS and measurements are also considered. 
2. Wake-Up Signal for Power Consumption Reduction
The current consumption of a typical LTE implementation during CDRX_on periods was shown in [10]. For a CDRX cycle of 160ms, the relationship between measured modem active time and DRX_on duration is summarised in Figure 1.
[image: image1.png]average modem active time (ms)

30

20

10

Measured modem active time in CORX.

160ms DRX ycle —5—

H 10 15 20

DRX-on duration (ms)

25 30




Figure 1 – Measured modem active time in CDRX for a typical implementation (data from [10])
This figure shows an increasing “modem on” time with increasing DRX_on duration, as expected. The figure also shows a significant “modem on” time overhead, as evidenced by the y-intersect on the figure of approximately 35ms. In [11], it is assumed that this overhead is due to issue such as:

· synchronisation
· measurements

· ramp up / ramp down

The overheads due to these factors are also being considered in the power consumption reduction work being carried out in the LTE efeMTC work item.
The ramp-up and synchronisation overheads are associated with getting the UE RX modem into a state where it can sufficiently accurately decode the PDCCH. If the UE can avoid decoding the PDCCH, it can avoid these overheads, motivating the use of a wake-up receiver that monitors a wake-up signal prior to the DRX_on period. The wake-up signal can reduce the power consumption by reducing the impact of the following (list taken from [2], with our additions in blue).  
1) RF power 

a. Bandwidth and number of receive antennas 

2) Baseband processing  (scaled with number of tones, and Tx/Rx antenna ports) 

a. RxFFT, channel estimation, PDCCH demap and blind decoding, synchronisation. 

3) Infra-structure overhead 

a. The amount of memory needed for PDCCH decode (and being ready for the allocation) and the memory bandwidth requirements. This has a direct impact on power consumption. 

b. Infrastructure wake up penalty: a simpler hardware that is specialized in processing a specific channel can be very efficient compared to the main modem that requires considerable infrastructure for PDCCH/PDSCH or PUSCH data transmission  
In [13], we have proposed a design for a wake-up signal (WUS) for efeMTC, where the number of OFDM symbols needed to detect the WUS has been simulated (Figure 2). This WUS occupies a 1.08MHz bandwidth and approximately 10-12 OFDM symbols (less than one 1ms NR slot) are required to achieve a missed detection rate of the order of 1%. It is observed that this WUS design can be reliably detected non-coherently, without prior synchronisation and in a narrow bandwidth using a single RX antenna. The WUS design is parameterisable, allowing for different cells to transmit different WUS, enabling measurements to be performed on the WUS on neighbour cells. This WUS design thus has all of the attributes that allow for a reduction in power consumption (from [2]). 
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Figure 2 – Missed detection performance of WUS from [13] at 144dB MCL
Observation 1: RAN1 are already considering WUS designs for LTE that could be applied in the NR framework in order to reduce power consumption.
A WUS can thus be expected to reduce power consumption by:
· eliminating the synchronisation overhead (a non-coherent WUS does not require prior synchronisation)

· reducing the ramp-up / ramp-down overhead (e.g. a WUS circuit may be simple enough to implement solely in hardware, obviating the need to load memory. A WUS circuit can also operate on a free running LO XO, reducing the time needed for clock circuits to stabilise)

· allowing simpler measurements based on WUS signals (rather than SS blocks)

The wake-up signal considered in [13] was designed for IDLE mode operation, but could be applied to CONNECTED mode in NR. This does suggest that a single WUS signal could be used in both IDLE mode and CONNECTED mode in NR.

Observation 2: A single WUS signal design principle can be applied to both IDLE mode and CONNECTED mode WUS in NR.   
We are also open to study of an NR IDLE mode WUS signal that is structured differently to the CONNECTED mode WUS signal, including the proposals for an IDLE mode WUS signal that can be decoded by the reactive front end receivers that are typically paired with back-scattering transmitters in RFID tags [5]. 
3. Reduced Blind Decoding for Power Consumption Reduction

In [10], measurements show that for a measured implementation, while only decoding PDCCH, 74% of the power consumption is associated with the baseband and 26% is associated with the RF. It is then suggested that a way of reducing the power consumption would be to reduce the number of PDCCH blind decodes.
In the previous section of this document (and in [2]), it is shown PDCCH blind decoding is just one contributor to the power consumption in the DRX_on period. 3GPP TR36.888 [14] considered the complexity of a Category-1 LTE modem operating in a system bandwidth of 20MHz (and subsequently considered how to reduce that complexity). The recommended relative complexities of the baseband components of the modems to be used for evaluation are captured in section 5.3 or TR36.888 and are summarised in Table 1 below. The functional blocks that are required to decode the PDDCH are highlighted in yellow and the relative complexities of these functions are illustrated in Figure 3.
Table 1 – Relative complexities of Cat-1 / 20MHz UE modem functional blocks
	Functional block
	Recommended (for Evaluation)

	ADC / DAC 
	10%

	FFT/IFFT
	5%

	Post-FFT data buffering
	10%-15%

	Receiver processing block
	20%-35%

	Turbo decoding
	5%-15%

	HARQ  buffer
	10%-15%

	DL control processing & decoder
	5%

	Synchronization / cell search block
	10%-15%

	UL processing block
	5%-10%

	MIMO specific processing blocks
	5%-15%

	Other
	0%

	Total
	90%-110%


Out of the highlighted blocks, it is evident that PDCCH decoding (“DL control processing and decoder”) accounts for less than 10% of the complexity of the Cat-1 / 20MHz UE.

Nine different companies contributed complexity estimates for the Cat-1 / 20MHz UE functional blocks and different companies considered different UE architectures, including DSP-based architectures and hardware-based architectures. The relative complexities were reasonably consistent among the different companies and different architectures.

While it is not strictly true that the power consumption is proportional to complexity, the complexity is at least indicative of the power consumption (considering that complexity is proportional to the number of DSP cycles for a DSP-based architecture and is proportional to chip area for the hardware-based architecture). We can hence surmise that the power consumption of the PDCCH decoding block is a small proportion (of the order of 10%) of the power consumption of the modem. Hence there are not significant power savings to be achieved by reducing the number of blind decodes of the PDCCH. 
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Figure 3 – Relative complexities of functions required to decode PDCCH for Cat-1 / 20MHz UE
Observation 3: Reducing the number of PDCCH blind decodes does not have a significant impact on UE power consumption.  
4. Aspects of Wake-Up Signal Functionality
Function of Wake-Up Signal

A DRX_on period can be turned on via a wake-up signal (WUS), or off via a go-to-sleep signal (GTS). These two functionalities have different system aspects:

· WUS is susceptible to missed detection. If the WUS is not detected, the subsequent CDRX_on period is ignored by the UE. WUS only needs to be transmitted when there is activity during the CDRX_on period.

· GTS is susceptible to false alarm. If the GTS is incorrectly detected, the subsequent CDRX_on period is ignored by the UE. Even when there is no activity in the CDRX_on period, the GTS needs to be transmitted.

An alternative is to WUS and GTS is to have a “Go To Sleep and Wake Up Signal”, or GUS. The GUS is always present at a known location and either instructs the UE to wake-up or to go to sleep. There is no DTX detection for the GUS signals. There is no false alarm rate issue for the GUS and the missed detection rate becomes a “GUS error rate”.
In the following, we refer to a WUS, but much is also equally applicable to a GTS or GUS.

UE-specific vs group-specific WUS

A wake-up signal can either be UE-specific or group-specific. Whereas group-specific signalling reduces the amount of WUS signalling, it is harder to control which individual UEs wake up during the CDRX_on period. UE-specific WUS signalling on the other hand increases the signalling load. It should be considered further whether UE-specific or group-specific or both types of WUS signalling are supported. 

Physical signal / channel to support WUS

In IDLE mode, the UE can be unsynchronised or poorly synchronised with the network. In such cases, there may be benefit in creating a new physical signal to support WUS functionality, where the new physical signal either provides synchronisation functionality inherently or allows the WUS to be decoded in a non-synchronised manner.

In CONNECTED mode, more significant power consumption reduction is expected if the WUS can be decoded in a non-synchronised manner (see section 2).

It is hence desirable that a single WUS design, not requiring network synchronisation, can be used for both IDLE and CONNECTED modes.

Carrying WUS on a physical signal / channel

Based on the analysis in section 2, our preference is that the WUS design is based on a physical signal (or channel) not requiring network synchronisation. In this case, the WUS would probably be carried on a new physical signal.

Observation 4: It should be FFS whether the WUS is carried on an existing physical signal / channel or a new physical signal / channel.

If the WUS were to be carried on an existing physical channel, the most likely candidate physical channel would be the PDCCH.

It has been proposed that an Advanced Grant Indication (AGI) be used to provide the WUS functionality [3]. The AGI can be transmitted as some form of compact DCI within either a UE-specific search space or a common search space on the PDCCH. An alternative is to transmit WUS using SFI-type bits on a group common PDCCH that either turn on / off slots within a CDRX_on period, or turn the whole CDRX_on period on / off. At this stage, if WUS were to be carried on PDCCH, both AGI-based and SFI-based WUS signalling for CDRX can be considered.

Measurements
Most of the power saving for WUS is achieved by the UE not having to synchronise and ramp up/down its receiver in order to decode PDCCH. If the UE had to, in any case, synchronise and ramp up / down its receiver in order to perform measurements, the possible power saving from WUS would be reduced. Hence a WUS design should allow measurements to be performed on the WUS signal itself (section 2, [13]). An alternative would be to consider other means to reduce the measurement requirements at the UE (e.g. as proposed in [11]).
5. “Way Forward” on UE Power Saving

A “Way Forward” document was proposed at the RAN1#90 meeting in Prague [12]. This way forward could be modified as follows to account for the observations in this Tdoc.
· NR supports gNB sends L1 control signal for UE power saving for following use cases.
· Wake-up signal indicating potential PDCCH transmission during the upcoming C-DRX On duration when wake-up signal is configured
· Go-to-sleep signal indicating UE is not required to decode PDCCH for an indicated duration when go-to-sleep signal is configured
· FFS granularity of PDCCH decoding reduction (e.g. (0%, 100%), or (0%, 33%, 67%, 100%), or …)
· FFS: L1 control signal is sent by existing DL L1 control signal / channel.
· FFS relation to L1 control signal for BWP adaptation
· FFS transmission timing for L1 control signal
· FFS group based or UE-specific
· The design of the wake-up signal should allow its use in IDLE or INACTIVE modes in a future release

6.   Conclusion

This document has considered wake-up signalling for NR and the following observations have been made.
Observation 1: RAN1 are already considering WUS designs for LTE that could be applied in the NR framework in order to reduce power consumption.
Observation 2: A single WUS signal design principle can be applied to both IDLE mode and CONNECTED mode WUS in NR.
Observation 3: Reducing the number of PDCCH blind decodes does not have a significant impact on UE power consumption.
Observation 4: It should be FFS whether the WUS is carried on an existing physical signal / channel or a new physical signal / channel.

RAN1 should consider the support of WUS signalling in CONNECTED mode in the current release and in IDLE / INACTIVE modes in a future release / NR-phase.
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