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Introduction
As a Rel.18 SI, the Study on low-power Wake-up Signal (LP-WUS) and Receiver (LP-WUR) for NR begins from this meeting. The up to date SID can be found in [1].
In this contribution, we provide our views regarding some typical low power receiver architectures that can potentially be utilized for LP-WUR and more importantly the corresponding requirement for detection of LP-WUS.
Discussion
Scenarios and use cases
As per described by the SID, the primary target for the study is power-sensitive, small form-factor devices including:
· IoT use cases, e.g. industrial sensors, controllers and actuators for monitoring, measuring, charging, and etc. Generally, the batteries are not always rechargeable and expected to last at least few years as per TR 38.875.
· Wearables including smart watches, rings, eHealth related devices, and medical monitoring devices. 1~2 weeks battery life is expected.
· Other use cases are not precluded.
From the perspective of feature deployment, we are open to all possible use cases which should not be limited. Then power saving benefit is enjoyed in as wide areas as possible. However, in terms of defining design target and functionalities, different use cases may have different requirements. The brief comparison can be found in Table.1 below.
Table.1 Potential LP-WUS/WUR design target comparison for different use cases.
	Use cases
	Possible battery life target
	Traffic types
	Service latency
	Throughput
	Mobility

	IoT
	Few years
	Small data, URLLC
	Low to high
	Low
	Low

	Wearables
	1~2 weeks
	Small data, eMBB, URLLC
	Low to high
	Low to medium
	Low to high

	Others, e.g. smart phones
	Several days
	Small data, eMBB, URLLC
	Low to high
	Low to high
	Low to high



One of the most important principles for UE power saving feature design including Rel.16/17, is the tradeoff between service latency and power consumption. As the current 5G devices consume tens of milliwatts in RRC idle/inactive state and hundreds of milliwatts in RRC connected state, the design target for LP-WUR in SI starts from 1 mW, x100 uW to even tens of uW. Then the power consumption of the UE can be much lower than Deep Sleep mode, as only LP-WUR and relative controller need to be active. It is then noted that, to achieve such low level of power consumption, the wake-up time can be much longer than deep sleep transition time (20 ms), which can be x100 ms.
Therefore, the target of LP-WUR power value and wake-up latency of main receiver should be studied with priority. This helps both LP-WUR architecture discussion and clarification of use cases, although the SID mentions to “support low latency in Rel-18, e.g. lower than eDRX latency”.
Proposal 1: By discussion on LP-WUR architecture and LP-WUS design aspects, the study output should focus on the target of LP-WUR power value and wake-up latency, and receiver sensitivity rather than limiting the receiver structure.

LP-WUS needs to be operated within cellular frequencies and be as part of cellular deployment. We don't expect dedicated spectrum only for LP-WUS. To avoid the signal design mandating gNB hardware change is attractive for the smooth introduction of LP-WUS. Therefore, we propose following requirement.
Proposal 2: LP-WUS needs to co-exist with other NR signals. The signal design should not mandate gNB hardware change.
For the coverage of LP-WUS, to mandate re-planning of the cell layout makes the introduction of LP-WUS impossible or very difficult. 
Proposal 3: LP-WUS should not require re-planning of the cell deployment. LP-WUS coverage performance should be guaranteed in the existing deployment.
There was discussion whether LP-WUS is only to be supported in the cell center or to be supported including cell edge. If the LP-WUS is supported only in the cell center, the main receiver needs to wake-up for the measurement of the serving cell to check cell center or not. This increases the UE power consumption in total. In addition, in Rel.17 UE power saving, it was recognized that time/frequency tracking function is quite important for the UE power saving. Based on the discussion, we propose following. Here, cell edge can be either noise or interference limited.
Proposal 4: LP-WUS should have the capability to allow time/frequency tracking by the UE and the capability to measure the serving cell quality even in the cell edge.
As LP-WUS is operated in the frequency reuse one cellular environment, some kind of randomization/scrambling is necessary to distinguish the cell. If not, the network needs to have the coordination of the time/frequency resource among cell.
Proposal 5: Study some kind of cell specific randomization/scrambling of LP-WUS.

On potential LP-WUR architectures
For ultra-low power operation, a separate LP-WUR is expected on duty most of the time and in charge of monitoring the waking up signaling/indication from gNB. When LP-WUR is active, the conventional main receiver including baseband processing modules should be powered off to save power. When traffic arrives, gNB may wake up UE by LP-WUS to trigger UE switch on the main radio modules, which can then start data transmission and reception. Technically, the function of the legacy DCI format 2_6 and 2_7 are similar with LP-WUS conceptually. However, the PDCCH detection requires complete RF and baseband processing from AGC, t/f synchronization, channel estimation, demodulation, channel decoding and so on. This needs the main receiver fully engaged as normal operation. Thus, to explore lower power consumption when monitoring wake-up signal, more simplified and power saving receiver and a new LP-WUS are investigated in this SI. In the Figure.1 below, the interaction between LP-WUR and main radio is briefly depicted.
[image: ]Figure.1 Left: Brief illustration on interaction between LP-WUR and main radio. 
Right: Signal processing flow of some typical architecture candidates for LP-WUR.

Besides, in Figure.1, we also give three typical receiver architecture candidates for implementation, which are more power saving than the current NR modem. It is obvious that simpler architecture means also sensitivity degradation, which is penalty from power saving benefit. Some brief comparison and analysis are as follow:
· In the right part of Figure.1, from top down, the receivers power consumption and complexity is relatively from low to high.
· The RF envelop detector architecture has the best SWaP (size, weight and power) reduction. The power can reach to uW level. One reason is that it does not employ oscillator and directly performs envelop detection on RF signal. Also, after the envelop detection, the baseband analogy processing is also quite basic. However, the sensitivity is the poorest among the three. It suffers from flicker noise 1/f, DC offset and has limited interference rejection.
· Zero IF receiver has relatively better sensitivity than directing utilizing envelop detector but with still low power consumption. It adopts a local oscillator (LO) and a mixer to mix with the RF signal. The LO is set equal to the frequency of interest. Hence received signal is directly converted to the baseband. It needs to handle carrier leakage from LO (DC offset) and flicker noise 1/f.
· Low IF receiver has better sensitivity than zero IF receiver and a moderate power consumption, which is in mW level. In a low IF receiver, the RF signal is mixed with LO and converted down to a non-zero low or moderate intermediate frequency. The signal processing in IF can be more efficient and accurate than in RF. Low IF receiver architecture has many of the desirable properties of zero-IF architectures, but avoids the DC offset and 1/f noise problems. However, it needs to handle image rejection by further digital down conversion and filtering.
· For any possible type of receiver candidate, depending on the LP-WUS structure, LP-WUR may need to handle both I and Q signals or just need to process amplitude information (e.g. OOK). Detailed aspects like this make difference on the required number of mixers, filters, amplifiers, ADC, the choice of FLL(Frequency-Locked Loop) or PLL (Phase-Locked Loop) in LO and also the type of oscillator with different accuracy. Hence the resulted power consumption can be different even for a specific type of receiver.
To better understand the tradeoff between the sensitivity and power consumption, a survey regarding this from low power receivers in a list of literatures published during 2005-2022 can be found in [2].
Although the system overhead for LP-WUS should also be considered, which we can assume is a reasonable range, the tradeoff between receiver sensitivity and power consumption is clear. As in the specification, LP-WUR architecture is not enforced, the key requirements should be the sensibility/coverage and the target power value.
Observation 1: Depending on the detailed design and implementation of LP-WUR, there is clear tradeoff between the LP-WUR sensibility and power consumption.
Proposal 6: As outcome of discussion on receiver architecture, three key aspects should be prioritized and concluded in the study: LP-WUR sensibility (i.e. LP-WUS coverage requirement), power consumption of LP-WUR , system impact and overhead.

Conclusion
Based on the discussion, the following proposals are highlighted: 
Proposal 1: By discussion on LP-WUR architecture and LP-WUS design aspects, the study output should focus on the target of LP-WUR power value and wake-up latency, and receiver sensitivity rather than limiting the receiver structure.
Proposal 2: LP-WUS needs to co-exist with other NR signals. The signal design should not mandate gNB hardware change.
Proposal 3: LP-WUS should not require re-planning of the cell deployment. LP-WUS coverage performance should be guaranteed in the existing deployment.
Proposal 4: LP-WUS should have the capability to allow time/frequency tracking by the UE and the capability to measure the serving cell quality even in the cell edge.
Proposal 5: Study some kind of cell specific randomization/scrambling of LP-WUS.
Observation 1: Depending on the detailed design and implementation of LP-WUR, there is clear tradeoff between the LP-WUR sensibility and power consumption.
Proposal 6: As outcome of discussion on receiver architecture, three key aspects should be prioritized and concluded in the study: LP-WUR sensibility (i.e. LP-WUS coverage requirement), power consumption of LP-WUR , system impact and overhead.
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