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In Rel-17, several techniques were specified to improve the power performance in idle/inactive mode, and most of them aim to optimize the pre-wake up procedures. However, the paging PDCCH/PDSCH reception is not optimized, and deep sleep consumes a significant part of the idle mode power [2], which does not benefit from Rel-17 power saving techniques if the same main receiver is used for such idle/inactive procedures. Therefore, in order to further reduce the power consumption of the UE, in RAN#94, a new study item on low-power wake-up signal and receiver for NR was agreed for Rel-18 with the following objectives [1]:
	· 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. 



According to the SID [1], it is considered that using a wake-up signal to trigger the main radio and a separate receiver with ultra-low power consumption could be introduced to monitor the wake-up signal, while the main radio only works for data transmission and reception.  In this contribution, we share our views on the design aspect of LP-WUR and propose two possible architectures of LP-WUR.
Low power WUR design consideration
If we aim at values of well beyond 10 times power reduction from the LP-WUS receiver, it is unlikely that a simple power scaling of main receivers will suffice. Therefore, we first investigate fundamental limitations to identify the available candidate designs. In this section, we analyze the power consumption profile of conventional NR main receivers and highlight the factors to reduce power consumption.
Typical main radio receiver architectures
A diagram of typical main receivers in NR is illustrated in Figure 1, which utilizes one frequency mixing operation. Other architectures are also commonly used.
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Figure 1 Direct-conversion (zero-IF) architecture for main receivers

First, the output of the Bandpass Filter RF (BPF) is amplified by a Low-Noise Amplifier (LNA) in order to relax the noise requirements for the rest of the receiver chain. Then a high-accuracy Local Oscillator (LO) is utilized to convert the RF signal to baseband directly and the LO also provides both in-phase and quadrature outputs.. After Low-Pass Filtering (LPF), the analog baseband signal is fed into an ADC and converted to the digital domain in the I/Q branches for baseband processing.
Considering the power consumption of the typical main receiver architecture, first, the power consumption is fundamentally dominated by the RF modules, such as oscillators and LNAs. The stringent frequency accuracy and phase noise performance in OFDM system typically requires a resonant LC oscillator, which is usually embedded in a power-hungry PLL. To ease the noise requirements of the rest of the receiver chain, high quality RF LNAs with very low noise figure are required, both of which usually have high power consumption. Second, the ADC and FFT modules also consume a large portion of power for the main receiver. Due to the large bandwidth and high throughput of NR traffic, a high-resolution and high sampling rate ADC with low quantization error and a high-order FFT module are necessary for the receiver. Finally, the power consumption of the baseband processing is meaningful, considering that advanced processing, such as channel estimation, equalization, QAM demodulation, CSI estimation, and LDPC decoding are included in NR data reception.
Based on the analysis above, several aspects to reduce the power for low power wake-up receiver can be considered:
1) Low quality LNA (the price is higher noise figure);
2) Low accuracy LO without PLL, for example, ring-type LO;
3) Avoid high-resolution and high sampling rate quantizer;
4) Avoid complicated baseband processing.
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Proposal 1: [bookmark: _Hlk115420889]Receive architectures with the following design aspects are studied for LP-WUR:
1) Use low quality LNA (the price is higher noise figure);
2) Use lower accuracy LO without PLL, for example, ring-type LO;
3) Avoid high-resolution and high sampling rate quantizer;
4) Avoid complicated baseband processing.
To make sure the wake-up receiver can be simplified in the aspects mentioned above, the wake-up signal should be designed to guarantee a good performance with the simplified receiver. As analyzed in our companion paper [3], it is believed that the wake-up signal is mainly used for carrying paging related information, which can be kept to much lower data rate and does not occupy too much bandwidth compared to legacy NR signaling and data. Such a signal does not need the high-spec requirements provided by the traditional main receiver. So if a rather simple signal design can meet the data-rate and coverage requirements, the high-power RF/IF and baseband modules in traditional main receiver can be replaced with power efficient modules, or even be eliminated from the receiver chain.
Proposal 2: [bookmark: _Hlk115420373]The LP-WUS needs to have a suitable design to permit simplified receiver architectures.
RAN1 study directions
With the power efficient RF/IF/baseband devices, simplified receiver structures compared to the main receiver should be considered. For example, both receiver structure with a single down-conversion operation and the receiver without LO can be taken as the potential structures. And RAN1 should study both power consumption and performance based on the potential receiver architectures. For power consumption, RAN1 should investigate the power of the potential receiver structures and a relative power of the LP-WUR to the main receiver should be specified based on its structure, then we can follow similar methodology used in Rel-16 and Rel-17 to evaluate the power saving gain of LP-WUR. More information can be found in Section 4 of our companion paper [3]. For performance, the link level simulation assumption for LP-WUS should consider different implementation of the potential receiver architectures. For example, the maximum frequency error for evaluation should be determined based on oscillators utilized in the receiver, and the bit-width and sampling rate of ADC should be specified if digital baseband processing. For coverage evaluation, the noise figure of potential LP-WUR structures should be considered in the link budget estimation.
Proposal 3: RAN1 to study:
1) Evaluating the power consumption of potential LP-WUR architectures to build the power model for calculating the power saving gain;
2) Determining the link and system level assumption for receiving LP-WUS based on the implementation of potential LP-WUR receivers, including:
a) Maximum time and frequency error;
b) Bit-width and sampling rate of ADC for digital baseband processing
3) Evaluating the coverage of LP-WUS based on the noise figure of potential LP-WUR receivers.

Potential architectures for LP-WUR
In Section 2, some general considerations on the architecture of wake-up receiver are provided. In this section, the potential architectures for LP-WUR are discussed. In our view, On-off keying (OOK) is a proper modulation scheme for wake-up signal and can be the baseline for the receiver architecture research, the reason is that:
1) OOK implemented by multi-subcarriers is frequency and phase insensitive, which does not require LO with high spectral purity and stability, therefore a lower accuracy LO consuming lower power, for example, ring-type LO can be used for frequency mixing to eliminate the need for a complete PLL; 
2) OOK signal can be simply energy detected by an envelope detector and can be non-coherently demodulated in time-domain, which does not require FFT and channel estimation operation as shown in Figure 2.
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[bookmark: _Ref115199653]Figure 2 OOK signal receiving scheme
Besides OOK, frequency shift keying (FSK) can also be considered as the modulation scheme for wake-up signal. FSK receiver can be implemented in multiple ways. Firstly, FSK can be implemented as parallel OOK receivers and a comparator circuit. For example, a 2-FSK receiver can use two branches, each with a bandpass filter tuned to the frequencies used to represent ‘0’ and ‘1’. They are followed by envelope detectors and comparator. FSK signal is demodulated according to the branch with the highest receiving energy. FSK receiver can also be implemented using a FM-AM converter as shown in Figure 3. After the FM-AM transform, the AM signal can also be non-coherently demodulated. More detailed analysis on OOK and FSK modulation can be found in our companion paper [4].
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[bookmark: _Ref115199901]Figure 3 FSK signal received by FM-AM detector
Proposal 4: OOK, FSK can be potential LP-WUS candidate modulation schemes for low power wake-up signal modulation.
With the OOK/FSK modulated wake-up signal, two potential LP-WUR receiver structures can be considered. The first one is the structure with a single down conversion operation as illustrated in Figure 4, and the second one is the receiver structure without LO shown in Figure 5.
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[bookmark: _Ref115199996][bookmark: _Ref114127911]Figure 4 Low-IF implementation for wake-up receiver with single down-conversion operation
One implementation of the receiver with single down-conversion operation is the low-IF receiver, which directly converts the RF signal to a low IF frequency, so the IF LNA consumes little power. The receiver circuits would process the baseband signal at the low IF frequency without a second down conversion. Although the diagram of this receiver chain seems similar as the structure in Figure 1, both the RF LNA, filters and the only LO can replaced by power efficient modules.
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[bookmark: _Ref114757010][bookmark: _Ref114756824]Figure 5 Receiver implementation without LO for wake-up receiver
Another receiver structure is implemented with just RF amplification and energy detection by envelope/FM-AM detector, eliminating the LOs altogether. Since all the oscillators are removed from the structure, more power saving gain is expected with the simplest receiver compared to the single down-conversion receiver structure. 
Based on the RF/IF module power provided in [5][6][7][8], it is expected that the receiver with a single down-conversion operation can provide 50 times power reduction compared to average power consumption of the main receiver in idle/inactive mode, while the receiver without LO can provide 100 times power reduction. However, a higher-Q RF BPF is required in this structure, considering that the narrow band desired signals must be filtered out from the high RF center frequency, which would be more difficult for implementation, and less sensitivity is expected with this receiver than the single down-conversion structure. Based on [9] and [10], the noise figure for architecture without LO is about 5dB worse than that for architecture with single down-conversion operation. For the receiver architecture with LO, the noise figure of 18 dB, which is assumed in [11], can be a start point to be used for evaluating the link budget. Accordingly, the noise figure of the receiver architecture without LO can be assumed as 23dB.
In the receiver, e.g. in the baseband processing, the wake-up information can be extracted by correlation processing with a local sequence or by block-wise decoding. 
Proposal 5: Study receivers (a) with a single down-conversion operation, and (b) without LO as potential LP-WUR architectures.

Conclusions
In this contribution, we share our views on the design aspect of LP-WUR and propose two possible architectures of LP-WUR. We have the following observations and proposals:
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Proposal 1: Receive architectures with the following design aspects are studied for LP-WUR:
1) Use low quality LNA (the price is higher noise figure);
2) Use lower accuracy LO without PLL, for example, ring-type LO;
3) Avoid high-resolution and high sampling rate quantizer;
4) Avoid complicated baseband processing.
Proposal 2: The LP-WUS needs to have a suitable design to permit simplified receiver architectures.
Proposal 3: RAN1 to study:
1) Evaluating the power consumption of potential LP-WUR architectures to build the power model for calculating the power saving gain;
2) Determining the link and system level assumption for receiving LP-WUS based on the implementation of potential LP-WUR receivers, including:
a) Maximum time and frequency error;
b) Bit-width and sampling rate of ADC for digital baseband processing
3) Evaluating the coverage of LP-WUS based on the noise figure of potential LP-WUR receivers.
Proposal 4: OOK, FSK can be potential LP-WUS candidate modulation schemes for low power wake-up signal modulation.
Proposal 5: Study receivers (a) with a single down-conversion operation, and (b) without LO as potential LP-WUR architectures.
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