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1 Introduction
In RAN1#113 the follows were agreed for studying and evaluating low-power wake-up receiver (LP-WUR) architectures [1]:
	Agreement
Include the following in the reply LS to RAN4:
For LP-WUS/WUR evaluation purpose, RAN1 has not included the case when the WUS/WUR is same as NR channel bandwidth. As the starting point for link level simulations for LP-WUS, RAN1 has agreed on the following for gNB channel BW and LP-WUS BW:
	gNB Channel BW 
	20MHz, FFS other values

	LP-WUS BW
	Option 1:
· 5MHz including subcarriers for guard band
· 4.32MHz (i.e.,12 RBs) for LP-WUS transmission for 30kHz SCS
Option 2:
· {2.16, 4.32} MHz including subcarriers for guard band 
· 1.44MHz, 2.88MHz (i.e.{4, 8} RBs) for LP-WUS transmission for 30kHz SCS
FFS: other options are up to companies to report
GB is symmetrically placed on each side of LP-WUS



Agreement
Proposed observation 4-1: (FSK parallel receiver)
For FSK receiver based on parallel OOK receivers with heterodyne or zero-IF architecture,
· If no interference between the segments’ detectors is allowed, the frequency gap between two adjacent frequency segments should not be smaller than two times the maximum frequency offset, and at least two times of the max frequency offsets within the frequency gap should not be used by other DL signals/channels or other WUS signals.
· If some interference between the segments’ detectors is allowed, it can be possible to have frequency gap between two adjacent frequency segments smaller than two times the maximum frequency offset, where the gap is not used by other DL signals/channels or other WUS signals.
Agreement
Proposed observation 4-3: (FSK with frequency to amplitude conversion)
For the FSK architectures with frequency to amplitude conversion, the bandwidth between the frequency segments used for FSK transmissions may not be used for other LP-WUSs or legacy NR transmission in order to allow frequency to amplitude conversion to work properly.
Agreement
LS to RAN4 is endorsed (draft in R1-2306125). Final LS in R1-2306126
Agreement
For the LP WUR architectures analysis, in addition to LP-WUS detection, consider the following functions when necessary:
· Synchronization signal processing and time/frequency synchronization for LP-WUR
· RRM measurement at least for the serving cell
Agreement
For the baseband processing of the LP WUR architectures,
· The baseband processing may use Goertzel filters as an alternative for FFT to compute the signals for one or more tones. Tone energy is computed and a detection algorithm is used to detect the presence of LP-WUS. One example diagram is shown below:
· [image: A diagram of a flowchart

Description automatically generated with low confidence]
· This can be used with the receiver architecture for OFDMA-based signals/channels for OOK-3.
· This can be used with heterodyne receiver architecture with IF envelope detection or the homodyne receiver architecture with baseband envelope detection for [OOK-1]/FSK-2.
· For the receiver architecture for OFDMA-based signals/channels,
· The receiver architectures for OFDMA-based signals/channels can be used for OOK/ASK and FSK modulated LP-WUS
· For sequence-based OFDM signals/channels, one example diagram with time domain correlator (without FFT) for LP-WUS detection is shown below: 
· [image: A picture containing line, diagram, font, text

Description automatically generated]



In this paper, the waveform and modulation schemes for the non OFDM-based LP-WUR are discussed. 
2 Waveform and modulation schemes for LP-WUR architectures
Multi-carrier (MC)-ASK, multi-carrier (MC)-FSK, OFDM-based signal are discussed for LP-WUS design. RF envelope detection architecture, heterodyne architecture and zero-IF architecture are supported as the candidate architecture for the evaluation of LP-WUR. The OOK modulation scheme, is the basic modulation scheme with simple receiver architecture for low power consumption and feasible for all three types of LP-WUR architectures. FSK modulation scheme is a traditional frequency detection with simple receiver architecture, similar to FM radio receiver, and can be applied in different receiver architectures, e.g., the FSK receiver architecture based on parallel homodyne or heterodyne receivers can be represented by the diagrams in contribution [1]. 
Furthermore, the FSK receiver architectures based on parallel homodyne and heterodyne receiver architectures and homodyne and heterodyne with frequency to amplitude conversion were discussed in RAN1#112 [2] and were captured in TR as examples. In general, a FSK receiver typically consumes more power compared to that of an OOK receiver with the similar architecture due to the additional components needed for FSK demodulation. For OFDM-based signal, the receiver brings higher power consumption than MC-ASK, MC-FSK due to the FFT block and baseband processing. 
The target of the LP-WUR architecture study in 3GPP is to specify the waveform and the modulation scheme to achieve the low power consumption in UE wakeup mechanism and improve the UE power saving. The waveform and modulation is the critical aspect in assembly the low-power consumption components of wakeup receiver. In this section, the waveform and modulation are discussed and analysed. 
2.1 Analysis of waveform to LP-WUR architectures 
In RAN1#111[3], how to supress the adjacent channel interference (ACI) and adjacent subcarrier interference (ACSI) in three types of architecture was discussed, i.e. the architecture with RF envelope detection may require very high-Q matching network and/or RF BPF, which is challenging due to the high Q values and may require off-chip components.   For homodyne/zero-IF architecture with baseband envelope detection and heterodyne architecture with IF envelope detection, it is more effective and less complex to use BB BPF/LPF and IF BPF to supress interferences, respectively, but with the requirements of higher frequency stability of local oscillator for down converter. 
Detection complexity and Power consumption 
In general, ASK modulation is the simple envelop detection and brings lower detection complexity and power consumption comparing to those of FSK modulation and OFDM. More details will be shown in section 2.2, in where the analysis of modulation schemes is discussed. 
Interference rejection capability
From the perspective of adjacent channel interference rejection, the ASK and FSK modulation with CP-OFDM waveform has lower interference injection capability. For RF-envelop detection receiver, the LP-WUS signal modulated by ASK or FSK waveform is received and detected in RF.  If the interference signals superposing with the LP-WUS signals, the RF-envelop detection does not have any capability to single out the LP-WUS signals from interference signals. The RF filter has wider bandwidth than OFDM-based LP-WUS signal. So the ASK and FSK with RF-envelop detection receiver has serious adjacent channel interference comparing to that of OFDM-based LP-WUS signal. Similarly, for IF/BB-envelop detection receiver, the LP-WUS signal modulated by ASK or FSK is received and detected in IF. The IF/BB filter could be further used to supress the adjacent interference comparing to RF filter. However, additional IF/BB filter would cost high power consumption since IF/BB-envelop detection needs high stability LO to perform coherent detection. The practical implementation in receiver would introduce additional interference through signal processing due to the noise from the receiver components, e.g., LO leakage and flicker noise. 
For OFDM-based waveform, the signals are orthogonal with each other when the timing error is negligible. Thus, it has high interference rejection capability than that of OOK/FSK waveform. However, the interference rejection capability of the OFDM-based waveform requires the FFT process to filter out the superposition interference. The FFT process will increase the receiver complexity exponentially and bring more power consumption than OOK/FSK waveform. 
Observation 1: For adjacent channel injection, OFDM-based signal waveform has better adjacent channel injection performance than that of MC-ASK/MC-FSK with CP-OFDM waveform but with extreme high receiver complexity and higher power consumption when FFT process is required at the LP-WUR.
Co-existence with NR channels/signals
For MC-ASK, it could reuse the existing NR OFDM structure and reuse the resource while multiplexing with NR signals/channels through FDM and/or TDM. An example for MC-OOK is shown in Figure 1, where the NR channel/signals and LP-WUS are multiplexed at the NR bandwidth by one or separate IFFT process. If LP-WUS and NR signals are multiplexed with one IFFT process, the LP-WUR needs to perform FFT to separate LP-WUS signals from NR signals. If LP-WUS signals uses separated short IFFT embedded inside the long IFFT of NR signals/channels, the LP-WUS and NR signals are multiplexed after IFFT and remain orthogonal to each other. The LP-WUR does not need FFT process to separate out the LP-WUS from NR signals. Furthermore, FSK could perform by parallel OOK and FSK has the similar co-existence performance comparing with ASK. Thus, both MC-ASK and MC-FSK have good co-existence performance with NR channel/signal. 

[bookmark: _Ref127387849][bookmark: _Ref127546993][bookmark: _Ref127387845][image: ]
(a) CP-OFDM based LP-WUS with one IFFT
[image: ]
(b) CP-OFDM based LP-WUS with short IFFT
[bookmark: _Ref135057848]Figure 1:   CP-OFDM based LP-WUS
In summary, the Table 1 is listed for comparison between different waveforms to each receiver architecture.
Observation 2: For co-existence with NR channels/signals, all of the waveforms to each receiver architecture have good co-existence performance with NR channels/signals.
[bookmark: _Ref127547092]Table 1: The comparison of different LP-WUS waveforms in different receiver architectures
	Waveform
	MC-ASK
	MC-FSK
	OFDM

	Receiver type
	RF-receiver
	IF-receiver
	BB-receiver
	RF-receiver
	IF-receiver
	BB-receiver
	BB-receiver with additional block

	Detection complexity
	Low
	Low
	High
	Low
	Low
	High
	Very High

	Power consumption
	0.01
	0.1
	0.1
	0.01
	0.1
	0.1
	Very High

	Adjacent channel leakage
	Sensitive
	Sensitive
	Sensitive
	Insensitive
	Insensitive
	Insensitive
	Insensitive

	Interference rejection capability
	Low
	Medium
	High
	Low
	Medium
	High
	High

	Co-existence with NR channels/signals
	Good



2.2 Analysis of modulation schemes for LP-WUR architectures
Detection complexity and power consumption 
Non-coherent modulation such as ASK and frequency shift keying (FSK) could be used exclusively for ultra-low power receivers. From [4], each of the OOK and FSK modulations can be supported for three types of architecture (i.e. RF envelope detection, heterodyne, and zero-IF). In OOK modulation scheme, the information is embedded in the RF signals with the information bit of ‘1’s or ‘0’s representing by ON and OFF keying. The source node transmits a high amplitude carrier with or without FFT scrambling when it wants to send a ‘1’ and nothing is sending for ‘0’, i.e. the transmitter is turned off. At the receiver side, OOK demodulation does not require any channel equalization in the frequency and time domain, and therefore a non-coherent detection (e.g. envelop detection) is sufficient. The low-power wakeup receiver survey from 2005 to present in the literature [5] shows that OOK is widely used waveform for LP-WUS. The receivers have power consumption below 10uw while using OOK modulation [6]. To achieve higher data rate, ASK can be considered.
The advantage of FSK over OOK is that it is less susceptible to noise and fading. The RF amplifier design is straightforward for FSK modulation with no need of adaptable threshold of signal reception [6]. According to work in [4], FSK detection can be implemented by applying parallel OOK receivers and a comparator circuit or using a FM-AM converter. The low-cost receiver architecture may have the cost of more power consumption over that of the conventional receiver for OOK modulation due to it requires accurate LO and I/Q signal path to demodulate the received signal. This brings the additional power consumption compared to that of OOK receiver. In [7], an efficient direct modulation FSK transmitter and the simple envelop detector based receiver are employed with the receiver power consumption of 420uW. As summarised in [5], the receiver with FSK modulation mostly brings high power consumption (e.g. 120uW~2100uW), which is substantially larger than OOK detection. 
The power model for RF envelope detector, heterodyne, and zero-IF architectures are proposed to be 0.01, 0.1 and 0.1 respectively, as discussed in the companion contribution [8]. Generally, the main components contributing to the LP-WUR power consumptions are from the amplifiers, Local Oscillator (LO), Phase-Locked Loop (PLL) and mixer. As discussed in RAN#110bis-e, there is no LO and PLL required for RF envelope detector. Thus, the power consumption of RF envelop detector should be ten folds less than that of heterodyne and zero-IF LP-WURs. For heterodyne and zero-IF architectures, lower power consumption can be achieved by relaxing the accuracy and stability requirements of the LO, the power consumption of architectures with heterodyne and zero-IF still higher than architecture of RF envelope detector due to the involved LO and PLL. 
The OFDM signal reception requires good time/frequency synchronization which results in high power consumption compared to other modulations (OOK/FSK). 
Observation 3: ASK modulation brings lower detection complexity and power consumption than FSK modulation and OFDM. 
Capability in carrying the information bits
In 802.11ba, two data rates (250kbps and 62.5kbps) are support by WURs for achieving either better spectrum efficiency or better converge. For LP-WUS, the data rate that LP-WUS achieved is determined by the number of bits (M≥1) carried within one OFDM symbol, the SCS selection and the code rate. Thus, OOK and FSK modulations can bring same data rate with same assumption on M, SCS and encoding. For example, both OOK and FSK modulations can achieve 56 kbps with Manchester code (code rate =1), M=2, SCS=30 KHz. 
Observation 4: OOK and FSK modulations can bring same data rate performance with same assumption on the number of bits (M≥1) carried within one OFDM symbol, SCS and encoding. 
Signal detection for UE identification and information
Apart from the UE ID (i.e. 31bit), the LP-WUS signal may carry other information e.g. cell-ID. The design of the signal and the associated waveform to carry the desired waveform will have impact to the signal detection. When the number of information bits carried by LP-WUS is large, the detection complexity increases proportionally. Thus, the detection complexity should be considered in design of the LP-WUS waveform and signal structure. 
Proposal 1: The waveform and modulation schemes should be selected with the target in minimizing power consumption of the LP-WUR.
3 Conclusion 
In this contribution, we have discussed the modulation and waveform of low-power wakeup receiver. We have the following observations and proposal:   
Observation 1: For adjacent channel injection, OFDM-based signal waveform has better adjacent channel injection performance than that of MC-ASK/MC-FSK with CP-OFDM waveform but with extreme high receiver complexity and higher power consumption when FFT process is required at the LP-WUR.
Observation 2: For co-existence with NR channels/signals, all of the waveforms to each receiver architecture have good co-existence performance with NR channels/signals.
Observation 3: ASK modulation brings lower detection complexity and power consumption than FSK modulation and OFDM. 
Observation 4: OOK and FSK modulations can bring same data rate performance with same assumption on the number of bits (M≥1) carried within one OFDM symbol, SCS and encoding. 
Proposal 1: The waveform and modulation schemes should be selected with the target in minimizing power consumption of the LP-WUR.
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