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Introduction
In the approved revised SI for low-power Wake-up Signal and Receiver for NR [1], one important direction is to study and evaluate low-power wake-up receiver architectures.· 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.

This contribution discusses aspects related to low-power wake-up receiver architectures.
The design criteria for receiver architecture 
According to the SID shown as above, new signals will be introduced to be used as LP-WUS to further reduce the power consumption compared to the existing Rel-15/16/17 UE power saving mechanisms. To further prolong the battery life, a separate receiver will be designed to monitor the new wake-up signal with ultra-low power consumption. When the WUR detects the wake-up signal, it will trigger the main radio on in order for the main radio to receive signals and/or channels. Otherwise, the main radio will maintain off state (from Rel-16) or off as a new state which can be further discussed during SI (e.g., ultra deep sleep).
When a new receiver architecture is taken into account in NR for LP-WUS, the coverage should be evaluated. For increasing the application of LP-WUS, the coverage of LP-WUS should be consistent with the legacy signal of the main receiver. That is to say, the UE in the edge of the cell can also receive the LP-WUS to reduce their power consumption. Therefore, amplifier (like low noise amplifier) can be adopted when designing the WUR.
Proposal 1: The coverage of LP-WUS should be consistent with the legacy signal of the main receiver. 
To match the coverage of LP-WUS with one of legacy signal of the main receiver (e.g., PDCCH for paging), the WUR architecture may not achieve the maximum energy efficiency. However, considering that the WUR is assumed to be on to monitor LP-WUS when the main receiver is off, the power consumption should still be much lower than the main radio. 
Proposal 2: The power consumption of the separate WUR should be reduced dramatically compared with main radio.
Since out of synchronization has a great impact on OOK signal detection, the synchronization issue should be further considered when designing the WUR. Besides, when LP-WUS is transmitted based on OFDM symbol by OOK modulation, the interference between LP-WUS and other signals cannot be ignored. In this case, Phase-locked loop (PLL)/ Frequency Locked Loop (FLL) and/or Low pass filter (LPF) and/or band-pass filter (BPF) may be needed at the WUR.
Proposal 3: Study synchronization and interference issue in LP-WUS reception.
According to the survey [2]-[16], we found that the data rate of LP-WUS can range from 0.3 to 200 kbps. In addition, the sensitivity can reach -80 dBm in most papers, and the power consumption ranges from 4.5 uW to 578 mW. It should be noticed that there is a tradeoff among sensitivity, data rate and power consumption in the process of WUR designing. If we pursue higher sensitivity and data rate, it will lead to higher power consumption then.
Proposal 4: Study the impact of the tradeoff among sensitivity, data rate and power consumption in the process of WUR designing.
The basic structure for WUR
For hardware module of the wake-up receiver used for signal detecting and processing, a separate receiver for reception of LP-WUS in addition to main NR radio transceiver can be a basic UE architecture for the study. RAN1 has agreed three typical architectures with FSK modulation, OFDMA, and OOK modulation, which are discussed in the following.
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3.1 The receiver architecture with FSK modulation
During the RAN1#112 and RAN1#112b-e meeting, the following agreements on WUR architecture with FSK modulation were achieved:
	Agreement
Study the parallel receiver architectures (as examples that can be captured in the TR) for FSK based on the following diagrams:
· Parallel homodyne architecture
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· The observations made for homodyne/zero-IF architecture with baseband envelope detection in RAN1#110b/111 are also applicable here.
· Parallel heterodyne architecture 
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· The observations made for heterodyne architecture with IF envelope detection in RAN1#110b/111 are also applicable here.
· Note: Other architectures are not precluded.
· The OOK receiver architectures agreed for study in RAN1#110bis-e are also examples that can be captured in the TR

Agreement
Study the receiver architectures (as examples that can be captured in the TR) for FSK with frequency to amplitude conversion based on the following diagrams:
· Homodyne architecture with frequency to amplitude conversion
· I/Q branches are required for frequency to amplitude conversion in digital BB.
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· Heterodyne architecture with frequency to amplitude conversion
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· Companies provide the exact type of frequency to amplitude conversion being studied.
· Note: Other architectures are not precluded.
Agreement
For M-bit MC-FSK generation study further the following options
· Option FSK-1: N SCs of LP-WUS are separated to M pairs of segments with potential guard-bands in-between and around. 
· segment comprises one sub-carrier or multiple contiguous SCs
· in a pair of segments one segment is modulated, other segment is zero power (from base-band point of view)
· Option FSK-2: N SCs of LP-WUS are separated to 2^M segments with potential guard-bands in-between and around.
· segment comprises one sub-carrier or multiple contiguous SCs
· one segment from 2^M segments is modulated, other segments of SCs are zero power (from base-band point of view)
· M >0
· N >1
· Study how to generate segment in time domain, e.g. OOK-1 or OOK-4 
· Other options are not precluded.
Agreement
Observation for FSK with frequency to amplitude conversion:
· [bookmark: _Hlk134104884]The FSK architectures with frequency to amplitude conversion is applicable to single-SC FSK, but it may be challenging to make the frequency to amplitude conversion work well with multi-subcarrier FSK.
· Note: single-SC FSK refers to the waveform where each frequency segment has a single subcarrier, and multi-subcarrier FSK refers to the waveform where each frequency segment has multiple subcarriers, as described in the agreements for FSK-1 and FSK-2.



For the receiver architectures for FSK with frequency to amplitude conversion, extra component, i.e., FM-to-AM detector or an FM detector is needed to demodulate the LP-WUS at the UE side, which also brings additional power consumption. Since FSK modulation is easily affected by the frequency offset (which can be huge for WUR comparing to legacy MR), the performance gain is uncertain with more power consumption. In addition, considering that the FSK architectures with frequency to amplitude conversion may be challenging to work well with multi-subcarrier FSK, this architecture is not applicable to receive LP-WUS with N SCs.
For the parallel receiver architectures for FSK modulation, since there are two parallel paths for signaling reception, and each path can be implemented by the architectures with heterodyne architecture with IF envelope detection or homodyne/zero-IF architecture with baseband envelope detection, the power consumption is much higher than the corresponding architecture with OOK modulation. Therefore, the above receiver architecture with FSK modulation can be deprioritized in our opinion.
Proposal 5: Considering that the FSK architectures with frequency to amplitude conversion may be challenging to work well with multi-subcarrier FSK, this architecture is not applicable to receive LP-WUS with N SCs. 
Proposal 6: Considering the uncertain performance gain with more power consumption, the receiver architecture with FSK modulation can be deprioritized.
3.2 OFDMA-based receiver architecture
During the RAN1#112 meeting, the following agreements on OFDMA-based receiver architecture were achieved:
	Agreement
For OFDMA-based signals/channels, study the receiver architectures based on the following diagrams:
· I/Q branches are required for digital BB processing.
· Digital BB processing may or may not include FFT (companies to provide details on how).
· For sequence-based OFDM signals/channels, digital BB processing includes sequence correlation in either time domain (without FFT) or frequency domain (after FFT).
· Proponent companies should at least provide details on power consumption reduction compared to the MR regarding the RF and digital BB processing.
· Companies are encouraged to provide the break-down for the components.
· The potential power reduction compared to the main radio may come from e.g.:
· Lower performance LNA/amplifier
· Oscillator/PLL with relaxed performance requirements
· ADC with lower sampling rate and smaller bit-width
· Reduced BB processing complexity compared to the MR
· Companies are encouraged to provide the performance analysis corresponding to the considered power consumption considering the impact of e.g. phase noise, I/Q mismatch.
· Companies to report whether the LP WUR is assumed to share components with MR. In case of component sharing, the potential impact on the MR ultra-deep sleep state should be considered.
· Companies to report the possible number of information bits
· In addition, companies should consider the power consumption in the OFF state and the transition energy.
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OFDMA-based receiver architecture was also discussed to be one of the possible architectures for LP-WUS reception in the previous meeting. It is undeniable that the OFDMA-based receiver architecture has higher power consumption, but the noise figure and the sensitivity/coverage is much better than the agreed architectures with OOK/FSK modulation. Considering that the main power consumption comes from the LNA and the LO/PLL, low accuracy hardware modules can be used to reduce the power consumption of the OFDMA-based receiver architecture. In addition, if sequence based WUS is adopted, non-coherent detection in time domain can also be applied to further reduce the power consumption. Therefore, we suggest that the tradeoff between the performance gain and the power consumption should be carefully evaluated for the OFDMA-based receiver architecture.
Proposal 7: The tradeoff between the performance gain and the power consumption should be carefully evaluated for the OFDMA-based receiver architecture.
3.3 The receiver architecture with OOK modulation
During the RAN1#110b-e meeting, the study on three types of receiver architectures with OOK modulation for LP-WUR was agreed as following:
	Agreement
Study the architecture with RF envelope detection based on at least the following diagram for LP-WUR.
· The RF signal is converted into baseband signal directly via an RF envelope detector.
· There is no Local Oscillator (LO) and no Phase-Locked Loop (PLL).
· 1-bit or multi-bit ADC is applied.
· Some component(s), e.g., RF LNA and/or BB AMP, can be optionally applied.
· High-Q matching network and/or mi] can be used to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· FFS the support of band and/or carrier tuning


Agreement
Study the heterodyne architecture with IF envelope detection based on at least the following diagram for LP-WUR.
· The RF signal is down converted into IF signal via an RF mixer with a LO. The IF signal is converted into baseband signal via an IF envelope detection.
· There may be one or multiple IF stages depending on design.
· The choice of the LO is one of the major factors that determines the power consumption.
· Lower power consumption can be achieved by relaxing the accuracy and stability requirements of the LO. However, such increased frequency offset and phase noise should be taken into account in the design and evaluation.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied.
· High-Q matching network and/or RF BPF and/or IF BPF [and/or BB LPF] can be used to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· Some component(s), e.g., RF LNA and/or IF AMP and/or BB AMP, can be optionally applied.
· Image rejection filter or an image rejection mixer is required.
· FFS the support of band and/or carrier tuning
· FFS the choice of IF frequency range


Agreement
Study the homodyne/zero-IF architecture with baseband envelope detection based on at least the following diagram for LP-WUR.
· The RF signal is directly down converted into baseband signal via an RF mixer with a LO. 
· Baseband envelope detection can be done either in analog domain or in digital domain depending on design, which is not explicitly shown in the diagram.
· The choice of the LO is one of the major factors that determines the power consumption.
· Lower power consumption can be achieved by relaxing the accuracy and stability requirements of the LO. However, such increased frequency offset and phase noise should be taken into account in the design and evaluation.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied.
· High-Q matching network and/or RF BPF and/or BB BPF [and/or BB LPF] can be used to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· No image rejection filter is required.
· Some component(s), e.g., RF LNA and/or BB AMP, can be optionally applied.
· FFS the support of band and/or carrier tuning



For the architecture with RF envelope detection, the LP-WUS is first received by the RF end via the antenna and then passes through the matching network that filters and boosts the incoming LP-WUS. After input matching, the signal passes through the RF BPF and low noise amplifier (LNA) for increasing the sensitivity and the coverage of the receiver by amplifying weak signals while meeting noise requirements. The LNA dominates in terms of power consumption, and the value can be 27~35 μW. Then, an RF envelope detector (ED) is adopted for signal detection and conversion to baseband signal to make the circuit simpler and energy efficient. The power consumption of RF ED can be 1.5~6 μW. To further reduce the interference between other signals and/or channels and the LP-WUS in frequency domain, and to improve the detection accuracy of LP-WUS, BB end should be included in the separate WUR in our view. Therefore, BB AMP and BB LPF can be used to amplify the signal and reduce interference separately. In summary, although the architecture with RF envelope detection can achieve the lowest power consumption compared with the other two architectures, the receiver sensitivity or coverage of this architecture cannot match with other NR signals and channels, like the coverage of PDCCH. In addition, the most critical problem is since LO is discarded in this architecture, the LP-WUS should be bounded with specific frequency, e.g., ARFCN. Multiple high-Q matching network and/or RF BPFs can be adopted to support of multiple bands and/or carriers transmission, but the higher Q values are challenging for implementation and it may need extra off-chip components. As a consequence, the architecture with RF envelope detection can be deprioritized.
Proposal 8: Considering the feasibility and the performance requirements of WUR architecture, the receiver architecture with RF envelope detection can be deprioritized.
Compared with the architecture with RF envelope detection, the heterodyne architecture with IF envelope detection uses mixer, local oscillator, IF AMP, IF BPF and IF ED to replace RF ED to further reduce the interference. With the highest power consumption, the heterodyne architecture with IF envelope detection can achieve best interference resiliency and best sensitivity in the three agreed architectures with OOK modulation. To solve the image interference issue in the heterodyne architecture with IF envelope detection, image rejection filter or image rejection mixer can be used with additional power consumption. 
For the homodyne/zero-IF architecture with baseband envelope detection, the RF envelope detector (ED) in the architecture with RF envelope detection is replaced by mixer and LO directly. Since it is not switched to IF for signal processing, the power consumption is much lower than the heterodyne architecture with IF envelope detection. But it should be noticed that the interference resiliency and sensitivity of this architecture will be reduced accordingly. Besides, DC offset and flicker noise will affect the detection performance, which can be solved by using BB BPF with additional power consumption. In summary, the final WUR architecture should be evaluated based on a tradeoff between power consumption and the performance.
Proposal 9: Considering the interference resiliency and sensitivity of LP-WUS, the heterodyne architecture with IF envelope detection architecture and the homodyne/zero-IF architecture with baseband envelope should be evaluated based on a tradeoff between power consumption and the performance.
To avoid repeated hardware deployment, the possibility to reuse the RF section of the existing MR receiver should be studied. Considering the density of the device panel, this operation can reduce the size of the device. Moreover, the hardware overhead will be reduced accordingly. Therefore, the relationship between LP-WUR and MR can be shown as figure 3.1 in the following.Within one chip
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Figure 3.1
Proposal 10:  Study the possibility to reuse RF Section of the main radio for the heterodyne architecture with IF envelope detection architecture and the homodyne/zero-IF architecture with baseband envelope.
1.1 
1.2 
1.3 
The power consumption for LP-WUR
[bookmark: _Hlk131686982]During the previous meeting, the following agreements on power consumption for LP-WUR architecture were achieved:
	Agreement
For the study on LP WUR architecture, power consumption relative to the deep sleep state of the MR is provided.
· Deep sleep state of non-RedCap UE should be assumed
Agreement
The following power model for LP-WUR is used for evaluation for FR1,
 
	Power State
	Relative Power (unit)
	Transition energy:
(unit multiplied by ms)
	Ramp-up time
TLR, ramp-up (ms)

	Off
	0.001
	[TLR, ramp-up *(PON-POFF)/2]
	TLR, ramp-up = FFS, and company to report TLR, ramp-up
 
FFS: Relation between Receiver architecture and its relative power and value of TLR, ramp-up

	On
	0.01/0.05/0.1/0.5/1/2/4
FFS: If other values are needed
	
	


FFS: whether further categorization/sub-categorization is needed and how.
Agreement
· For LP-WUS coverage evaluation, the noise figure of LP-WUR is 
· Options: [9, 12, 15, 18, 21, 24], Other values can be reported by companies
· FFS: how to determine the NF option.
· The values provided is for the purpose of studying coverage of LP-WUS, and it can be further revisited depending on the receiver architecture discussion.


Since the RF section of the main radio can be reused, the power consumption of RF LNF should be the same with MR. For BB AMP, considering the adjacent channel interference rejection capability, adjacent subcarrier interference rejection capability and in-band/out-of-band blocker handling capability, continuous monitoring which means LP-WUR is ON all the time doesn't seem to work properly since the ADC will reach saturation due to the interference between MR and LP-WUR.
Proposal 11: Continuous monitoring may not work due to the interference between MR and LP-WUR.
To discuss the power consumption relative to the deep sleep state, we think the value defined for evaluation can be reused as a starting point. Considering different types of LP-WUR architecture, there may be a mapping relationship between the agreed values and the LP-WUR architecture types. For example, 
· The relative power consumption for the architecture with RF envelope detection can be [0.01/0.05/0.1]. In this architecture, LNA is one of the main power sources and the power consumption value can be 27~35 μW. The power consumption of RF ED can be 1.5~6 μW. That is to say, if LNA is used in this architecture, the relative power consumption should be at least 0.05 or 0.1. Furthermore, if High-Q matching network is used to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers in the architecture, the relative power consumption should be 0.1 from our perspective.
· The relative power consumption for the homodyne/zero-IF architecture with baseband envelope detection can be [0.5/1]. In this architecture, the main power source can be the RF mixer with a LO, and the power consumption for oscillator is around 100 μW. In this case, if high-precision components and optional components, like RF LNA and/or BB AMP, are adopted, we think the relative power consumption can be 1. 
· The relative power consumption for the heterodyne architecture with IF envelope detection architecture can be [1/2/4]. In this architecture, when the components with low power consumption and low accuracy are adopted and the optional components are removed, we think the power consumption can be matched with the homodyne/zero-IF architecture with baseband envelope detection.
Proposal 12: Further study the relative power consumption of the LP-WUS based on the value defined for evaluation according to different types of receiver architecture, e.g., the relative power consumption for the architecture with RF envelope detection can be [0.01/0.05/0.1], the relative power consumption for the homodyne/zero-IF architecture with baseband envelope can be [0.5/1], and the relative power consumption for the heterodyne architecture with IF envelope detection architecture can be [1/2/4].
For the noise figure for the LP-WUS, the noise figure of the LP-WUS defined for evaluation can be studied further, which can be [9, 12, 15, 18, 21, 24]. Based on this, we think different noise figure can be determined according to the type of waveform and the power consumption for WUR On state. For example, the noise figure for OFDM-based receiver can be less than 9 dB when the power consumption is 20 for the WUR ‘On’ state, and the noise figure for MC-OOK receiver can be over than 12 dB or 15 dB when the power consumption is less than 1 for the WUR ‘On’ state.
Proposal 13: Different noise figure can be determined according to the type of waveform and the power consumption for WUR On state. Suggest to reuse the noise figure for evaluation as the starting point, e.g. [9, 12, 15, 18, 21, 24].
Conclusion
This contribution discusses the architectures for low-power wake-up receiver. Observations and proposals are summarized as follows: 
Proposal 1: The coverage of LP-WUS should be consistent with the legacy signal of the main receiver. 
Proposal 2: The power consumption of the separate WUR should be reduced dramatically compared with main radio.
Proposal 3: Study synchronization and interference issue in LP-WUS reception.
Proposal 4: Study the impact of the tradeoff among sensitivity, data rate and power consumption in the process of WUR designing.
Proposal 5: Considering that the FSK architectures with frequency to amplitude conversion may be challenging to work well with multi-subcarrier FSK, this architecture is not applicable to receive LP-WUS with N SCs. 
Proposal 6: Considering the uncertain performance gain with more power consumption, the receiver architecture with FSK modulation can be deprioritized.
Proposal 7: The tradeoff between the performance gain and the power consumption should be carefully evaluated for the OFDMA-based receiver architecture.
Proposal 8: Considering the feasibility and the performance requirements of WUR architecture, the receiver architecture with RF envelope detection can be deprioritized.
Proposal 9: Considering the interference resiliency and sensitivity of LP-WUS, the heterodyne architecture with IF envelope detection architecture and the homodyne/zero-IF architecture with baseband envelope should be evaluated based on a tradeoff between power consumption and the performance.
Proposal 10:  Study the possibility to reuse RF Section of the main radio for the heterodyne architecture with IF envelope detection architecture and the homodyne/zero-IF architecture with baseband envelope.
Proposal 11: Continuous monitoring may not work due to the interference between MR and LP-WUR.  
Proposal 12: Further study the relative power consumption of the LP-WUS based on the value defined for evaluation according to different types of receiver architecture, e.g., the relative power consumption for the architecture with RF envelope detection can be [0.01/0.05/0.1], the relative power consumption for the homodyne/zero-IF architecture with baseband envelope can be [0.5/1], and the relative power consumption for the heterodyne architecture with IF envelope detection architecture can be [1/2/4].
Proposal 13: Different noise figure can be determined according to the type of waveform and the power consumption for WUR On state. Suggest to reuse the noise figure for evaluation as the starting point, e.g. [9, 12, 15, 18, 21, 24].
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