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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
A new study item on low-power wake-up signal and receiver for NR was approved in RAN#94e [1] and revised in RAN#97e [2]. 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-facwearables.es 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, and 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. 

In RAN1#112, the following agreements on LP-WUS waveform generation options are achieved under the “L1 signal design and procedure for low power WUS” agenda item.
	Agreement
For MC-ASK waveform generation, where K is size of iFFT of CP-OFDMA, N is number of SCs used by LP-WUS including potential guard-bands, study further 
· Option OOK-1: Single-bit in 1 OFDM symbol, SCs of LP-WUS are 
· OOK=1 means all SCs are modulated
· OOK=0 means all SCs are zero power (from base-band point of view)
[image: ]
· Option OOK-2: Parallel M-bit OOK in frequency domain, 
· N SCs of LP-WUS is further separated into M segments (M=2 in Figure) possibly with guard-bands in-between and/or around 
· OOK=1 means all SCs in segment are modulated
· OOK=0 means all SCs in segment are zero power (from base-band point of view)
· FFS architecture.
[image: ]
· Option OOK-3: Multi-tone single-bit OOK
· N SCs of LP-WUS is separated into L segments (L=2 on Figure) without guard-bands in-between segment, but possibly around
· OOK=1 means 1 sub-carrier (known by UE) of each segment is modulated, rest of SC is zero power (from base-band point of view)
· OOK=0 means all SCs in all segments are zero power (from base-band point of view)
· FFS architecture
[image: ]
· Option OOK-4: Transform M-bit OOK in time domain 
· N SCs of OOK-1 are generated by a transformation (DFT/Least square)
· N’ samples are generated from M-bits 
· signal modification may or may NOT be used
· truncation or other additional modification may or may NOT be used, if not used, N is the same as N’
· N’ can be the same as K

[image: ]
· FFS modulated SCs are e.g. QAM symbols, sequences or other signals 
· Companies to report their assumptions
· potential guard-band SCs are zero power (from base-band point of view)
· [optionally, 2 additional segments, one always modulated and one always zero power (from base-band point of view) can be transmitted]
· Other options are not precluded (e.g. OOK-1 with multiple bits in one OFDM symbol)

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.




Further, the following agreement on a receiver architecture that can be used for reception of LP-WUS waveform Option OOK-2 is achieved in RAN1#112bis-e. In addition, there were discussions on the digital baseband (BB) processing details which can support LP-WUS waveform Option OOK-1/OOK-3/FSK-2 and sequence based LP-WUSs addressing receiver architectures for OFDMA-based signals/channels.
	Agreement
OOK-2 can be received using the agreed receiver architectures for OOK with parallel envelope detection.



In this contribution, further details on LP-WUR architectures and digital BB processing related to LP-WUS waveform Options OOK-1, OOK-2, OOK-3, and FSK-2 are discussed.

Discussion

Receiver Architectures for Option OOK-2
LP-WUS waveform Option OOK-2 corresponds to frequency multiplexing of parallel OOK receiver architectures/branches which is very similar to the LP-WUS waveform Option FSK-1 corresponding to frequency multiplexing of parallel 1-bit FSK receiver architectures/branches illustrated in Figure 1. A potential main difference between Option OOK-2 and Option FSK-1 is that bit decision, in FSK-1, is determined by comparing the envelope of a signal on one frequency segment while considering the envelope on the neighboring frequency segment as a reference whereas, in OOK-2, bit decision may be determined by comparing the envelope of a signal on one time segment while considering the envelope on the neighboring time segment as a reference, e.g., using Manchester encoding. Therefore, for the same total bandwidth allocated to LP-WUS and for the same number of parallel branches, FSK-1 may experience poorer frequency diversity than OOK-2, due to larger number of frequency segments, whereas OOK-2 may experience lower data rate than FSK-1, due to, e.g., Manchester encoding. 
[image: Diagram

Description automatically generated]
[bookmark: _Ref134194654]Figure 1: An exemplary 4-bit FSK receiver utilizing parallel 1-bit FSK receivers.
In the RAN1#112 agreement on LP-WUS waveform Option OOK-2, optional 2 additional frequency segments, one always modulated and one always zero power (from base-band point of view) is considered. A corresponding receiver architecture is illustrated in Figure 2 where the multi-input comparator may potentially consider the bit decision criteria in Figure 3. Alternatively, for channel with relatively low coherence bandwidth, known reference signals may be considered individually on each optional segment and used individually for decision making at neighboring frequency segments. 
[image: ]
[bookmark: _Ref134194701]Figure 2: An exemplary 4-bit receiver utilizing two reference frequency resources. 

[image: Chart
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[bookmark: _Ref134194712]Figure 3: An exemplary multi-threshold detector/comparator and detection criteria.

In another alternative when channel coherence bandwidth is relatively large, the two optional segments may be used to carry one additional bit of information using FSK modulation. A corresponding receiver architecture for this alternative is illustrated in Figure 4.

[image: ]
[bookmark: _Ref134194754]Figure 4: An exemplary 4-bit receiver utilizing two reference frequency resources which are FSK modulated. 

[bookmark: _Ref134440196]Proposal 1: Study the receiver architecture in Figure 2 for OOK-2 with the optional 2 frequency segments and the receiver architecture in Figure 4 when the optional 2 segments are FSK modulated.

Further Details on BB Processing
The architecture and digital BB processing shown in Figure 5 was proposed in RAN1#112bis-e [4] for LP-WUS waveform Option OOK-3. The receiver architecture in Figure 5 is similar to that considered for OFDMA-based signals/channel, which is agreed in RAN1#112 [5], shown in Figure 6 and therefore there were additional discussions on other digital BB processing which can be applicable to the same architecture such as the sequence correlator (for sequence-based receivers) shown in Figure 7. Further, there were discussions on the applicability of digital BB processing in Figure 5 in other envelope detection architectures. 
[image: ]
[bookmark: _Ref134427869]Figure 5: RAN1#112bis-e proposal for a receiver architecture for LP-WUS waveform Option OOK-3 [4].
[image: Diagram
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[bookmark: _Ref134428892]Figure 6: Receiver architecture for OFDMA-based signals/channel agreed in RAN1#112 [5].
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[bookmark: _Ref134429117]Figure 7: Sequence-based receiver architecture discussed in RAN1#112 and RAN1#112bis-e [5].

In our companion paper [6], we propose a LP-WUS design scheme based on intermediate frequencies (IFs) of the signal’s envelope which can be used to generate waveform Option OOK-1 and Option FSK-2 (from LP-WUR baseband perspective) and can be detected using the example architecture and digital BB processing shown in Figure 8. In this example architecture, the heterodyne receiver architecture with IF envelope detection is considered, however, the homodyne receiver architecture with baseband envelope detection may also be considered. It can be noted that the shown example digital BB processing utilizes a set of Goertzel filters similar to that presented in Figure 5 with a generalization of the number of tones, e.g., , where  for waveform Option OOK-1 and  represents the number of bits for MC-FSK based on waveform Option FSK-2.
[image: Diagram, engineering drawing
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[bookmark: _Ref134431855]Figure 8: Example receiver architecture for LP-WUS waveform Option OOK-1 and Option FSK-2 (from BB perspective) based on envelope IFs design [6].


[bookmark: _Ref134440203]Proposal 2: Study digital BB processing for OOK-1, OOK-2, OOK-3, OOK-4, and FSK-2 based on at least the following example diagrams:
· Example Diagram 1:
· Goertzel filters, which may replace FFT, are used to compute the signals for one or more tonesNote 1 or envelope tones Note 2.
· Tone energy is computed and a detection algorithm is used to detect the presence of LP-WUS.
[image: Diagram
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· Example Diagram 2:
· A complex correlator Note 1 with a stored sequence is used for bit/symbol level detection.
· Sequence of detected symbols/bits are used to detect the presence of LP-WUS.

[image: Diagram
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· Note 1: the receiver architecture for OFDMA-based signals/channels may be used for Option OOK-3 using example diagram 1 and for Options OOK-1/OOK-2/OOK-4 using example diagram 2.
· Note 2: the heterodyne architecture with IF envelope detection or the homodyne/zero-IF architecture with baseband envelope detection may be used for OOK-1, OOK-2, OOK-4, and FSK-2.
· Note 3: Other digital BB processing is not precluded.


[bookmark: _Ref129681832]Conclusion
The contribution discussed low-power receiver architectures for LP-WUS waveform Option OOK-2 and digital baseband processing for Options OOK-1/OOK-2/OOK-3/FSK-2 and have the following proposals.

Proposal 1: Study the receiver architecture in Figure 2 for OOK-2 with the optional 2 frequency segments and the receiver architecture in Figure 4 when the optional 2 segments are FSK modulated.
Proposal 2: Study digital BB processing for OOK-1, OOK-2, OOK-3, OOK-4, and FSK-2 based on at least the following example diagrams:
· Example Diagram 1:
· Goertzel filters, which may replace FFT, are used to compute the signals for one or more tones Note 1 or envelope tones Note 2.
· Tone energy is computed and a detection algorithm is used to detect the presence of LP-WUS.
[image: Diagram
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· Example Diagram 2:
· A complex correlator Note 1 with a stored sequence is used for bit/symbol level detection.
· Sequence of detected symbols/bits are used to detect the presence of LP-WUS.

[image: Diagram
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· Note 1: the receiver architecture for OFDMA-based signals/channels may be used for Option OOK-3 using example diagram 1 and for Options OOK-1/OOK-2/OOK-4 using example diagram 2.
· Note 2: the heterodyne architecture with IF envelope detection or the homodyne/zero-IF architecture with baseband envelope detection, may be used for OOK-1, OOK-2, OOK-4, and FSK-2.
· Note 3: Other digital BB processing is not precluded.
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