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1 Introduction
In RAN1#112bis-e, the follows was agreed for studying and evaluating low-power wake-up receiver (LP-WUR) architectures [1]:
	Agreement
Provide the following response to RAN4 on “Whether IoT/wearables/smartphone UE types are all considered for LP-WUR design”:
· Yes, IoT/wearables/smartphone UE types are all considered for LP-WUR design, according to the following agreement made in RAN1#112:
	Agreement
The following characteristics for target use cases are considered in the study item:
· IoT cases including e.g., industrial wireless sensors, controllers, actuators and etc, including the following characteristics,
· FFS: latency
· primary for small form devices
· power-sensitive
· static, nomadic or limited mobility
· Wearable cases including e.g., smart watches, rings, eHealth related devices, and medical monitoring devices etc., 
· FFS: latency
· primary for small form devices,
· power-sensitive
· low/medium speed, FFS: high speed
· eMBB cases including e.g., XR/smart glasses, smart phones and etc.,
· FFS: latency
· devices form is various and not restricted
· power-sensitive
· low/medium speed, FFS: high speed
Note: other use cases/characteristics are not precluded if any.



Agreement
Provide the following response to RAN4 on “Whether FR1 is considered as first priority frequency range”:
· Yes, FR1 is considered as first priority frequency range in RAN1, and it is still FFS whether FR2 should be included in the scope of the SI.
Agreement
Provide the following response to RAN4 on “Whether in-band power boosting of LP-WUS is considered from RAN1 perspective”:
· RAN1 is considering as part of evaluation, the in-band power boosting of LP-WUS. As the starting point for link level simulations for LP-WUS, RAN1 has agreed on the following for the modelling of adjacent subcarrier interference. RAN1 would appreciate feedback from RAN4, if any, on the power boosting assumptions made in RAN1.
	Adjacent subcarrier interference
	· PDSCH mapped on resources other than that for WUS and guard band; 
EPRE of LP-WUS / EPRE of PDSCH =ρ, where ρ=0 dB as baseline, ρ= {3, 6} dB as optional



Agreement
OOK-2 can be received using the agreed receiver architectures for OOK with parallel envelope detection.
Agreement
Provide the following response to RAN4 on “Power consumption, coverage and SNR targets”:
· RAN1 has not reached any agreements on LP-WUR power consumption targets. RAN1 is still studying it.
· For the power consumption of LP-WUR, the following power model was agreed for evaluation purpose. Note that the power consumption is defined as the relative power w.r.t. the deep sleep state of the main radio following the non-RedCap UE power model defined in Section 8.1 of TR 38.840. The UE power model for RedCap UEs can be found in Section 6.2 of TR 38.875.
	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
	0.005/0.01/0.02/0.03/0.05/0.1/0.2/0.5/1/2/4
FFS: If other values are needed
	
	


FFS: whether further categorization/sub-categorization is needed and how.


· RAN1 has not reached any agreements on the coverage and SNR targets for LP-WUR. RAN1 is still studying these aspects.
· For evaluation of the coverage of LP-WUS, RAN1 has agreed to use MIL as the metric, with more details in the following agreement.
	Agreement
For evaluation of the coverage of LP-WUS, the methodology and assumptions in R17 CovEnh SI (described in TR38.830) is reused as baseline.
· MIL is used as the metric for LP-WUS coverage evaluation
· urban (2.6GHz/4GHz), rural(700MHz) scenario for FR1 are considered to be evaluated, others (e.g., FR2) are not precluded.
Note: For IoT/wearables devices, refer to R17 Redcap SI TR38.875 if the assumptions differ from TR38.830.
Companies report any other assumptions which differ from the TR38.875/ TR38.830, e.g., Tx and Rx loss
Companies are encouraged to compare LP-WUS with at least PDCCH for paging, PUSCH, others are not precluded.
FFS: Target coverage of LP-WUS



Agreement
Provide the following response to RAN4 on “Max occupied RB number in channel bandwidth for LP-WUS, for 1.4MHz and 5MHz RF bandwidth case”:
· For the bandwidth of LP-WUS, RAN1 has agreed on the following:
	Agreement
For the purpose of study, the BW of one LP-WUS is not greater than X (FFS X is 5 or 20) MHz for FR1, study further 
· whether BW of LP-WUS is configurable (implicitly or explicitly)
· size of guard band [FFS: within or outside of BW X], if any 
· whether there is different X for Idle, Connected, Inactive modes
FFS: Whether FR2 is included in the scope of LP-WUS SI


· RAN1 has not discussed the RF bandwidth of 1.4MHz for LP-WUS, and has not reached any conclusion on the maximum occupied RB number in 5MHz RF bandwidth case for LP-WUS. As the starting point for link-level simulations of LP-WUS, RAN1 has agreed on the following for LP-WUS bandwidth, the guard band and the filter.
	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

	Filter 
	X-th Order filter (e.g. Butterworth, Chebyshev, …) with Y MHz bandwidth,
· X = {3, 5}
· Companies to report Y
Companies to report any other assumptions if needed



Agreement
Provide the following response to RAN4 on “Possible supported SCS for LP-WUS, if applicable”:
· RAN1 has reached the following agreement on SCS:
	Agreement
For MC-ASK or MC-FSK waveform generation, SCS of a CP-OFDM symbol used for LP-WUS generation can be the same as SCS used for other NR transmissions in CP-OFDM symbol overlapping in time with, study whether SCS can be different, also study
· FDM/TDM multiplexing with other NR transmissions
· link performance 
· impact to legacy UEs
· impact on gNB 


· In addition, as the starting point for link level simulations for LP-WUS, RAN1 has agreed on the following assumptions for LP-WUS:
	Configuration for LP-WUS signal
	For OOK/FSK waveform,
· Option 1a: M=1 and SCSs = 15kHz (same as NR signal)
· Option 1b: M=1 and SCSs = 30kHz (same as NR signal)
· Option 2a: M =2/4/8 for SCS = 15KHz (same as NR signal)
· Option 2b: M =2/4/8 for SCS = 30 kHz (same as NR signal)
· Option 3: M=1 and SCSs = 60kHz/120kHz/240kHz
· Note: M is referred to the definition of “M” in the agreements for OOK-1/2/3/4 and FSK-1/2
For OFDM: FFS, e.g., ZC sequence

Other options are up to companies to report



Agreement
Provide the following response to RAN4 on “Whether WUS can be located in a band separate from the UE’s NR band”:
· RAN1 has reached the following agreement, and the case where WUS is located in a band separate from the UE’s NR band is to be further studied from RAN1 perspective.
	Agreement
· Capture in TR: From RAN1 perspective, LP-WUS and signals/channels used by MR can be within the same FR1 band.
· At least LP-WUS and signals/channels by MR can be on the same carrier in the band
· Study further 
· Whether LP-WUS and signals/channels used by MR can be different carriers in the band 
· Details on the LP-WUS location within a carrier
· Whether LP-WUS is applicable for TDD / FDD (with full duplex operation)
· Band can be different than band of signals/channels used by MR
· LP-WUS association with BWP
· LP-WUS can be configurable within guard-band of a band (like NB-IoT)



Agreement
Observation for FSK with frequency to amplitude conversion:
· 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.


In this paper, the waveform and modulation schemes for the non OFDM-based LP-WUR are discussed and the OFDM-based receiver is analyzed. 
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 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. But 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 NR resource by means of 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 Low power wakeup receiver 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
	Low
	Medium
	High
	Low
	Medium
	High
	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 [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 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 OOK detection. 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 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 bring other information e.g. cell-ID. The size of the signal will affect the signal detection. The larger the size is, the higher detection complexity gets. Thus, the detection complexity should be considered when designing the LP-WUS. 

Observation 5: The design of LP-WUS would affect the signal detection.
Proposal 1: The waveform and modulation schemes should be selected with the target in minimizing power consumption of the LP-WUR.
2.3 Analysis of OFDM-based receiver 
In RAN1#112, the OFDM-based architecture was discussed and agreed as one of the LP WUR architectures. The OFDM-based architecture is to have the OFDM receiver similar to the NR receiver of OFDM signal processing with FFT to convert the time domain signals to frequency domain signals. The OFDM-based architecture is notarized with its high complexity and high power consumption comparing to that of OOK/FSK based receivers due to the requirement of precise RF processing and high complexity digital baseband processing. The FFT operation in digital baseband processing is the component with high power consumption and cannot be replaced to maintain the orthogonality with other channels multiplexed in the same carrier. The UE would reuse the butterfly structure of FFT engine for processing different FFT size with power of 2. The 1024-point FFT and 128-point FFT in digital baseband processing have same power consumption using the same FFT engine. In addition, the OFDM-based architecture needs the higher sampling rate, a larger ADC bit-width, and better LO/PLL to obtain a high requirement than OOK/FSK based receivers, which consume more power. However, the OFDM-based architecture can use legacy SSB for synchronization and RRM measurement purpose. For RRM measurement, the standard effort of LP-WUS design in support of cell identification and interference rejection capability in RAN1, RAN2 and RAN4 would be large if the reference signal is LP-WUS, more details can be found in our companion paper [8]. The use of LP-WUS for RRM measurement also has the conflict with the RRM measurements by SSB and CSI-RS.  
[bookmark: _Hlk134783493]For power model of OFDM-based receiver, the power model of CSI-RS decoding (100 units) with the frequency scaling and antenna scaling in TR38.840 [9] should be used. Since the power model in [9] is based on 100 MHz system BW and RF BW, the frequency scaling from 100 MHz to 5 MHz (0.4 scaling factor) could be used to scale down the power consumption of 5 MHz OFDM-based LP-WUR. The power model of single antenna OFDM-based LP-WUR can use the antenna scaling model from 2 antennas to 1 antenna (0.7 scaling factor). Thus, the power model of the OFDM-based receiver should be set at 30 units (100*0.4*0.7) for ON state and 1 unit for the OFF state with transition time of 20 ms. 
[bookmark: _Hlk134783521]Proposal 2: The power model of the OFDM-based LP-WUR should be set at 30 units for ON state and 1 unit for the OFF state with transition time of 20 ms.
3 Conclusion 
In this contribution, we have discussed the modulation and waveform of low-power wakeup receiver. We have the following observations and proposals:   
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. 
Observation 5: The design of LP-WUS would affect the signal detection.
Proposal 1: The waveform and modulation schemes should be selected with the target in minimizing power consumption of the LP-WUR.
Proposal 2: The power model of the OFDM-based LP-WUR should be set at 30 units for ON state and 1 unit for the OFF state with transition time of 20 ms.
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