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1 [bookmark: _Ref40465791]Introduction
A new study item was agreed in RAN plenary meeting #97-e which targets further reduction of power consumption with limited impact on latency [1]. Specifically, the following objectives are RAN1 related. 
	As opposed to the work on UE power savings in previous releases, this study will not require existing signals to be used as WUS. All WUS solutions identified shall be able to operate in a cell supporting legacy UEs. Solutions should target substantial gains compared to the existing Rel-15/16/17 UE power saving mechanisms. Other aspects such as detection performance, coverage, UE complexity, should be covered by the evaluation.
The study item includes the following objectives:
· Identify evaluation methodology (including the use cases) & KPIs [RAN1]
· Primarily target low-power WUS/WUR for power-sensitive, small form-factor devices including IoT use cases (such as industrial sensors, controllers) and wearables
· Other use cases are not precluded
· Study and evaluate low-power wake-up receiver architectures [RAN1, RAN4] 
· Study and evaluate wake-up signal designs to support wake-up receivers [RAN1, RAN4] 
· Study and evaluate L1 procedures and higher layer protocol changes needed to support the wake-up signals  [RAN2, RAN1] 
· Study potential UE power saving gains compared to the existing Rel-15/16/17 UE power saving mechanisms, the coverage availability, as well as latency impact of low-power WUR/WUS. System impact, such as network power consumption, coexistence with non-low-power-WUR UEs, network coverage/capacity/resource overhead should be included in the study [RAN1]
· Note: The need for RAN2 evaluation will be triggered by RAN1 when necessary. 



Though exact architecture for LP-WUR is up to implementation of UE vendor, it would be helpful to discuss on the details of potential architectures. In this contribution, we provide our views on receiver architectures for LP-WUS.  
2 General framework for LP-WUS/WUR
DRX operation is the basic solution for power consumption reduction that is adopted in NR. In brief, a UE periodically monitors DL channels/signals only in a short interval within a DRX period. The above short interval is also referred as DRX ON, while the remaining time in the period is DRX OFF. For example, if DRX ON duration is of 10% of the DRX period, it reduces UE power consumption to around 10%. The longer the DRX periodicity, the larger the power saving gain at UE. On the other hand, DRX only achieves a power saving gain at the sacrifice of latency of the transmission. To further reduce power consumption, extended DRX (eDRX) is currently under specification, with even longer latency as sacrifice. For a use case that requires both low power consumption and low latency, new solutions need to be introduced. 
Based on the above analysis, the DRX based solution cannot achieve low power consumption and low latency at the same time. To achieve both design targets, it was proposed that a main radio can be turned off or in a deeper sleep mode when there is no traffic, while a separate receiver with extreme low power consumption is used to detect a wake-up signal to trigger the main radio for transmission/reception. Specifically, as shown in Figure 1,
· The main radio will be in extreme power saving mode, which can be referred as off or deeper sleep comparing with the deep sleep mode that was used in the discussion of power saving in Rel-17. To achieve the extreme power saving, the local oscillator, the control processor and the DDR memory may be turned into ultra-low power mode or off. However, it also means a longer latency is required to wake up the main radio.
· The LP-WUR is to detect a wake-up signal from gNB. If the wake-up signal for the UE is not detected, the UE will not turn on the main radio. On the other hand, only after a wake-up signal for the UE is detected, the UE can turn on the main radio for normal cellular communication. When the main radio is on, the LP-WUR may be turned off.  



Figure 1: Framework of main radio + LP-WUR

The LP-WUR also consumes power though the amount of power consumption is rather small. NR should target a performance same or even better than other available RATs. Therefore, we believe target power consumption for LP-WUS should never exceed 1mW. It is generally preferred if the power consumption of LP-WUR can be reduced. However, a lower consumption normally results in lower sensitivity which is not desired. Further, it doesn’t provide real benefit if the power consumption of the LP-WUR is much lower than the power consumption of main radio in off or deeper sleep mode. Therefore, considering a trade-off between power consumption and the achievable sensitivity, we prefer to study the target value in the range of 100uW – 1mW for the active state of LP-WUR. 
Regarding the sensitivity of LP-WUR, two options can be considered
· Option 1: The sensitivity of LP-WUR is at least not worse than the bottleneck channel of existing NR UE. For a Rel-15/17/18 NR UE, the sensitivity for FR1 is between approximately from -100dBm to -97 dBm + 10*log10( CBW/5MHz ), depending on operating bands, and sensitivity for FR2-1 is approximately from -97.5 dBm to -92.5 dBm + 10*log10( CBW/50MHz), depending on operating bands. With this option, a UE can rely on LP-WUS for power saving in anywhere in the cell coverage. 
· Option 2: The sensitivity of LP-WUR may be worse than a channel/signal of main radio. In this case, LP-WUS based power saving operation is only applicable to a UE in cell centre. The UE has to work with main radio when the UE moves to cell edge. 
Option 1 is generally preferred unless a difficulty is identified for LP-WUR subject to a desired power saving gain and the sensitivity. 
Proposal 1: 
· The target power consumption of LP-WUS is selected in range 100uW – 1mW
· Strive to a sensitivity of LP-WUR that is not worse than the bottleneck channel of existing NR UE.
3 Receiver architectures
The exact design/architecture for LP-WUR is up to UE vendor. However, it is still helpful to discuss on the details of potential architectures. This is to setup common understanding on what LP-WUR looks like, so that the related parameter/behavior of LP-WUS/WUR can be discussed. 
Figure 2 illustrates a receiver architecture which tries to include most possible components. The matching network and BPF at RF tries to keep the useful signal and filter out the out-of-band interference. The matching network can provide moderate passive gain without using an off-chip high-Q component, such as an inductor. LNA is important component to amplify the signal level and suppress the noise. However, LNA is consuming much power which is not desired for a LP-WUR. The local oscillator (LO) is to generate a local carrier which is then mixed with the RF signal after band-pass filtering. LO is another component which consumes much power. For the 3 typical LO generation methods, i.e., ring oscillator, LC oscillator and Crystal, Crystal is best and Ring oscillator is worst from performance point of view. On the other hand, for the power consumption, Ring oscillator is the lowest and Crystal is the highest. Therefore, the selection of a type of LO depending on the trade-off between target power consumption and sensitivity. Frequency locked loop (FLL) can be used to replace phase locked loop (PLL) since phase coherency is not required for MC-OOK or MC-FSK demodulation. The amplifier at IF further amplifies the signal. If LNA is removed at expense of increase system noise, IF BPF should be designed to suppress the RF and circuit noise. Later, the IF signal may be transformed to baseband by a second mixer, or the IF signal can be digitalized directly. In either solution, there exists amplifier and filter in baseband too. ADC is to sample the signal for digitalization. A higher number of quantized bits per sample can be beneficial for the performance, however, it also increases the power consumption/complexity. Finally, the main control operates in baseband which process the received information. In a receiver, there are also circuits for time/frequency impairment tracking/correction. 


Figure 2: A general receiver architecture
A key design choice which impacts the receiver architecture is the adopted modulation scheme. For low power consumption, non-coherent demodulation is expected for the LP-WUR. As discussed in [2], OOK or FSK can achieve reasonable sensitivity range with power consumption no larger than 1mW. FSK is sensitive to the frequency error of LO. Consequently, OOK is more suitable if the power consumption is rather low which only supports low-quality oscillator. On the other hand, if a better oscillator is available by increasing target power consumption, better link performance can be achieved by FSK. Though LP-WUR is a separate receiver from main radio at UE side, LP-WUS and other NR DL signals/channels at gNB side generated by single transmitter is desirable. Thus, to reuse existing NR OFDM generator, OFDM-based LP-WUS should be the baseline. Single or multiple OOK or FSK modulation needs to be done over single or multiple subcarriers. The use of multiple subcarriers enables frequency diversity gain and also alleviate the requirement of a sharp filter which often consumes more power. As discussed in [2], similar bandwidth as PSS/SSS can be studied as starting point. One more issue is regarding channel coding. It is preferred that complicated channel coding should be avoided for LP-WUR. As discussed in [2], simple repetition coding or spreading can be considered which allows simple LP-WUR implementation. 
Proposal 2
· Study receiver architecture which considers single or mulit-carrier -OOK/ FSK as modulation scheme for LP-WUR.

In the following discussions, we provide a general discussion on each potential receiver architecture for LP-WUR. 
3.1 RF envelop detection
To achieve lower complexity/power consumption, the LO/PLL and mixer are removed in this architecture. Instead, RF envelop detector is used to transform the RF signal directly to baseband. Since the envelop detector demodulates all input energy to baseband, it tends to accumulate significant noise/interference including the flicker noise (1/f noise), which results in worse sensitivity than mixer-based architecture. LNA may be used for better sensitivity however it consumes much power. If LNA is also removed in the receiver, the sensitivity may be improved by adopting high-Q matching network and RF BPF. However, it may rely on off-chip high-Q component which is not desired from integration point of view. 


Figure 2: Receiver using RF envelop detection
Observation 1: For a receiver using RF envelop detection 
· It can achieve lower complexity/power consumption than other receiver architectures. 
· It has worst sensitivity than other receiver architectures since it cumulates significant noise/interference including flicker noise. 
3.2 Heterodyne, IF envelop detection 
The mixer-based architecture could be better in sensitivity and interference resilience. On the other hand, the LO/PLL requires significant power consumption. One mitigation is to use frequency locked loop (FLL) to replace the PLL since phase coherency is not required for MC-OOK demodulation. LNA is often removed for power consumption reduction. IF can provide more efficient amplification than RF, and sharp, yet low power, IF filters to suppress RF and circuit noise, along with interfering blockers. This architecture requires image rejection. 


Figure 3: Heterodyne receiver with IF envelop detection
Based on this architecture, it can be considered to use a low IF which is low IF receiver. The IF should be high enough to avoid issues on DC offset and flicker noise. 
Observation 2: For a heterodyne receiver with IF envelop detection 
· It has better sensitivity and interference resilience
· It consumes more power due to the LO/PLL
· Image rejection is required
· Low IF receiver architecture can be considered
3.3 Zero IF 
Zero IF architecture simplifies the signal processing compared to RF/IF architecture. Consequently, it normally has lower complexity and power consumption that RF/IF architecture. Zero IF architecture avoid image rejection, however it incurs issues of DC offset and flicker noise. Special design on the BB amplifier/filter is needed for better sensitivity. 


Figure 4: Zero IF receiver
Observation 3: For a zero IF receiver 
· It simplifies the signal processing for low complexity/power consumption. 
· No issue of image interference
· It has the issue on DC offset and flicker noise
Proposal 3
· The following receiver architecture should be considered in the study of LP-WUR
· Receiver using RF envelop detection 
· Heterodyne receiver with IF envelop detection, specifically low IF receiver
· Zero IF receiver
4 Conclusions
In this contribution, we presented our views on potential receiver architectures for the design of LP-WUR. We made the following observations and proposals

Observation 1: For a receiver using RF envelop detection 
· It can achieve lower complexity/power consumption than other receiver architectures. 
· It has worst sensitivity than other receiver architectures since it cumulates significant noise/interference including flicker noise. 
Observation 2: For a heterodyne receiver with IF envelop detection 
· It has better sensitivity and interference resilience
· It consumes more power due to the LO/PLL
· Image rejection is required
· Low IF receiver architecture can be considered
Observation 3: For a zero IF receiver 
· It simplifies the signal processing for low complexity/power consumption. 
· No issue of image interference
· It has the issue on DC offset and flicker noise

Proposal 1: 
· The target power consumption of LP-WUS is selected in range 100uW – 1mW
· Strive to a sensitivity of LP-WUR that is not worse than the bottleneck channel of existing NR UE.
Proposal 2
· Study receiver architecture which considers single or mulit-carrier -OOK/ FSK as modulation scheme for LP-WUR.
Proposal 3
· The following receiver architecture should be considered in the study of LP-WUR
· Receiver using RF envelop detection 
· Heterodyne receiver with IF envelop detection, specifically low IF receiver
· Zero IF receiver
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