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1. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction 
In RAN1#86, the study of UE power consumption and power consumption reduction techniques were agreed, as follows:
· Impact of UE DL reception energy consumption should be studied also considering the total power consumption mainly focusing on DoU
· e.g., UE decoding power consumption in the physical layer DL control blind decoding in lack of grant
· e.g., UE decoding power consumption in the slot with the data
· e.g., UE decoding power consumption in the data reception process
· e.g., UE decoding power consumption in the measurement
· e.g., UE decoding power consumption in the SS
· UE power reduction techniques also should be studied

Wake up radio has the potential to reduce power consumption for cases where the UE is inactive for periods of time, by reducing the amount of physical layer DL control channel decoding that the UE is required to perform. Wake up radio achieves this reduction in power consumption through minimizing the time during which the UE needs to decode a full NR signal with a full NR radio and baseband.
The impact of wake-up radio on UE power consumption for applications such as video streaming, instant messaging and web-browsing was considered in [2]. It was observed that a significant amount of power was consumed in the CDRX state and that this power consumption could be reduced through the use of wake-up radio.
This document considers the applicability of wake-up radio architectures, specifically to the wearable use case, as considered in the SMARTER requirements [7].
2. Wake Up Radio Architectures
Wake-up radios can be classified as operating according to one of two general architectures: active wake-up radios and passive wake-up radios.
Active wake-up radio
An active wake-up radio uses a small amount of power from the battery of the host device and wakes the main receiver of the device if a wake-up signal is detected. Provided the wake-up radio is small compared to the main receiver of the device, it does not add significant complexity. Provided the power consumption of the wake-up radio is significantly less than that of the main receiver, the overall power consumption of the wake-up receiver architecture can be reduced compared to that of a standard device.
An active wake-up radio can be designed to decode signals of the following types [4]:
· OOK-based tone signals, allowing for non-coherent energy detection
· Frequency domain orthogonal sequences
· Simplified PDCCH-like or PHICH-like channels, allowing for subsampled and lower complexity decoding
· Other signal types
Subject to an appropriate choice of the wake-up signal, design of signal bandwidth, application of sufficient processing gain and based on an appropriate deployment, we see no fundamental reason why a wake-up signal cannot be received at the NR cell edge. Indeed a goal of the wake-up signal and wake-up radio design should be to achieve operation at the cell edge.
Passive wake-up radio
Passive wake-up radios use the power of the incident electromagnetic waves as a power source for the receiver circuitry. 
RFID tags, as used in security systems, and electrical toll collection implement passive radios. These radios harvest sufficient energy from the incident electromagnetic radiation to power a response transmission. An NR wake-up radio does not need to send a response transmission in the UL: it only needs sufficient power to switch on the NR main radio. Even so, it is challenging to activate the wake-up receiver based on the power available from an NR transmission from a gNB at the cell edge.   
Considering a 46dBm eNodeB transmitter with antenna gain and beamforming gain providing an overall EIRP of 65dBm and assuming a maximum coupling loss of 140.7dB at the cell edge for LTE [5], the incident power at the UE is of the order of -75dBm, i.e. in the range of tens of picowatts. Reported wake-up receiver architectures for passive wake-up receivers [6] operate with incident powers in the range of ten microwatts, which is several orders of magnitude below the available incident power.
We are open to a fuller analysis of the link budget for passive wake-up receivers to establish the incident powers at which they would be required to operate at the cell edge. Indeed, we consider that the link budget is one of the aspects of wake-up receivers that needs to be further studied.   However we are sceptical of the ability of passive wake-up receivers at the cell edge. 
While we do not discount the potential for further advances in wake-up receiver technology, based on the above estimates, we consider that passive wake-up receivers are more suitable for operation over a shorter distance than the full NR cell-range. 
3. Wearable Use Case for Wake-Up Radios
The traffic associated with a wearable device can be infrequent and mobile terminated (e.g. for a messaging application or a tracking device) [8]. Hence a wearable device can mainly operate in DRX modes and wake-up radio is expected to provide such devices with even greater energy consumptions savings than the savings observed in [2] for video streaming, instant messaging and web-browsing applications. Hence we consider that wake-up radio is a particularly suitable technology for wearable devices.
A wearable is a highly battery and form-factor constrained device that can operate in either a direct connection mode or an indirect connection mode. In the direct connection mode, the wearable connects directly to the network. In the indirect connection mode, the wearable connects indirectly to the network, through a relay (such as a user’s smartphone).
In the direct connection mode, an active wake-up radio is particularly suitable as it allows the wearable to be woken up for DRX anywhere in the cell (due to its ability to operate at the cell edge: section 2).
However a wearable device is often in proximity of a relay device (e.g smartphone) to which an indirect connection to the network can be made. A main motivation for use of this indirect connection is the improved system link budget and hence power consumption reduction in the wearable device. The improved link budget can potentially be used to provide the incident RF power to activate a passive wake-up radio. Use of a passive wake-up radio in the indirect connection scenario thus has the potential to significantly reduce the power consumption of the wearable device and significantly increase its battery lifetime.
Hence from the wearable use case perspective, we see benefit in both the active wake-up radio architecture and the passive wake-up radio architecture. Hence we make the following proposals:
Proposal 1: RAN1 studies the feasibility and performance of both active wake-up radio and passive wake-up radio architectures.
Proposal 2: The RAN1 study of wake-up radios considers both direct and indirect connection scenarios when evaluating wake-up radio system design. 
4. Conclusion
This document has considered both active and passive wake-up radio architectures. Whereas active wake-up radio architectures have the potential to operate throughout the cell area, passive wake-up radios have the potential to operate with little drain on the UE battery resources.
Both active and passive wake-up radio architectures have merits for wearable use cases and should be studied in NR.
The document makes the following proposals:
Proposal 1: RAN1 studies the feasibility and performance of both active wake-up radio and passive wake-up radio architectures.
[bookmark: _GoBack]Proposal 2: The RAN1 study of wake-up radios considers both direct and indirect connection scenarios when evaluating wake-up radio system design. 
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