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Introduction
[bookmark: _Hlk66110521]The RAN1#113 meeting reached agreements on LP-WUS receiver architectures, covering bandwidth specifications, receiver illustrations for FSK and OOK-3 signals, detailed guidelines for baseband processing alternatives, and synchronization procedures for LP-WUR. The endorsed LS to RAN4 was highlighted.
This contribution provides views on OOK-based LPWUR and OFDMA-based LPWUR for measurement. It also explains how and why to combine these two receivers, including power consumption models and noise figure values.

Architectures for OOK
I/Q branches
Homodyne/zero-IF architecture, despite its low complexity, may suffer performance impacts due to multi-path channels and frequency errors. Implementing I/Q branches can address these issues, improving system robustness. Although this may increase power consumption, the rise could be comparable to FSK receivers, and thus, should not restrict LP-WUR implementations. 
Table 1: Comparison of Homodyne/Zero-IF Architecture: Without I/Q Branches vs. With I/Q Branches
	Aspect
	Without I/Q Branches
	With I/Q Branches

	Complexity
	Low
	Slightly higher

	Impact of Multi-path Channels
	More susceptible
	More robust

	Frequency Error Handling
	Limited ability to handle errors
	Better error handling

	Impact of Phase Noise
	Significantly affected
	Enhanced resilience

	Power Consumption
	Lower
	Potential increase, yet comparable

	Robustness Against LO and PLL Issues
	Less robust
	More fortified

	Recommendation in TR
	Should not be restricted
	Should not be restricted


[bookmark: _Toc142649235]Capture the following observation in TR38.869: For the homodyne/zero-IF OOK LP-WUR, a mixer with I/Q branches can be considered to enhance the system's resilience to multi-path channels and frequency errors.

[bookmark: _Hlk142647563]Relative power consumption (OFF)
For LP-WUR to support longer LP-SS periods of 320ms or 640ms, maintaining a lower residual frequency error (less than 5ppm or 3ppm) is needed, which is impossible with a Real-Time Clock (RTC) due to its 20ppm frequency error. Therefore, a better clock with an initial frequency error of 200ppm (Option 1) or 50ppm (Option 2) is required to keep the residual frequency error within 3 to 5 ppm. This would necessitate a power OFF state higher than 0.001, specifically, it should be 0.02 to support these better clocks.
The strategy of offsetting LP-WUR's time and frequency shifts by using a 20ppm RTC and initiating searches before the actual time is problematic. Not only does this method risk additional power expenditure to maintain a 2us timing error margin, but it also falsely assumes that the UE will consistently wake up early, adding a level of uncertainty. Moreover, additionally searching outside the designated monitoring occasions could lead to an increase in unnecessary power use through false alarms. We do not support this approach due to the challenges it poses. Furthermore, the assumption of a constantly linear oscillator oversimplifies real world, more complex behaviours, risking potential inaccuracies. This underscores the need for a more carefully considered approach when evaluating LP-WUR's power use and timing precision.
Table 2: Comparison of RTC and Better Clocks for LP-WUR Time and Frequency Shift Management
	Method
	Frequency Error
	Early Wake-up
	Power Usage
	Timing Precision

	Using RTC
	20ppm
	Assumes consistent early wake-up and may introduce uncertainty
	Risk of additional power use, especially during unnecessary searches
	May suffer from inaccuracy due to oversimplified assumptions 

	Using Clocks (Option1/2)
	3 - 5ppm
	No need for early wake-up, minimizing unnecessary power use
	Optimal power use as unnecessary searches are avoided
	Higher precision considering the complex behavior of real-world oscillators


[bookmark: _Toc142649236]Capture the following observation in TR38.869: For the homodyne/zero-IF architecture with baseband envelope detection for OOK, the relative power consumption (OFF) of the receiver is 0.02 to to ensure that the residual frequency error stays within permissible limits for the need to maintain a sufficient level of clock accuracy and network timing synchronization.

Architectures for OFDMA-based signals
An OFDMA-based LPWUR can be constructed simply, with features like no I/Q branches, FFT absence, a 200 ppm local oscillator (LO), and an analog-to-digital converter (ADC) with a 3.84MHz and 4-bit resolution, making it capable of detecting the real part of PSS signals for synchronization and measurement. However, a concern arises from the added computational complexity when using a 200 ppm LO for synchronization; this demands a blind search with a broad range of CFO hypotheses before synchronization, leading to overall increased power usage. Once the synchronization is established with a timing error within half of CP and a 2ppm residual frequency error, it's accurate enough to demodulate OFDMA-based LPWUS indication. This synchronization accuracy can be preserved using uncomplicated PLL/FLL circuits and periodic synchronization, without significantly raising the energy expenditure.
In RAN1#113, companies have agreed on using power states of 4 and 10 for the OFDM LP-WUR for evalautions. Based on the agreements, the power states for OFDM LP-WUR are as follows:
	Evaluation Criteria
	Power States for LP-WUR ON

	Noise figure less than [MR noise figure + 2.5dB]
	10, 20, 30

	Noise figure larger than [MR noise figure + 2.5dB]
	0.2, 0.5, 1, 2, 4


[bookmark: _Toc142649237]Capture the following observation in TR38.869: 
If the OFDMA-based receiver can pre-stored the sequence candidates for frequency synchronization, the following observations have been identified to potentially reduce the power consumption of the receiver architecture for OFDMA-based signals:
· The relative power consumption (ON) of the receiver is arrpoxamted to be 10 if the noise figure is less than [MR noise figure + 2.5dB]
· The relative power consumption (ON) of the receiver is arrpoxamted to be 4 if the noise figure is larger than [MR noise figure + 2.5dB]
· Use a lower accuracy LO (e.g., initial frequency error 200ppm), which increases initial synchronization processing complexity.
· Adopt smaller sampling rates and bit-widths for the ADC (e.g., 4-bit and 3.84MHz)
· If sequence correlation is done in the time domain, remove FFT.
· Sequence candidates for sequence correlation can be generated by the main radio to reduce additional processing complexity.

Combined LPWUR
The combined OOK-based and OFDMA-based LPWUR supports periodic PSS and SSS detection and aperiodic OOK payload demodulation, using a Zero-IF architecture with I/Q branches. The OOK detector has lower power consumption compared to the OFDMA detector, however, it's possible to save energy by powering off RF circuits when the OFDMA detector is not in use. 
Hardware complexity increases slightly due to additional elements; however, it can be managed with efficient implementation strategies. Despite the combined receiver using more energy than the OOK receiver, the difference in absolute power isn't significant and it can be optimized to use less than 1mW power. 
Additionally, the combined receiver can reuse existing PSS and SSS broadcasts for better spectrum efficiency and can potentially measure the neighboring cell quality. Though the OOK detector requires timing information, the tolerance for timing is relaxed given a low data rate.
Table 3: Combined OOK and OFDMA LPWUR Receiver Using Zero-IF Architecture and Duty Cycle Operation
	Feature
	Specification
	Description

	Waveform
	OOK
	OOK-based LPWUR for payload demodulation

	Architecture
	Zero-IF / OFDMA
	Combination of OOK-based LPWUR and OFDMA-based LPWUR with duty cycle operation

	Power On
	0.27
	Relative power consumption

	Noise Figure
	12 dB
	Receiver noise figure

	ADC
	4-bit / 3.84 MHz
	ADC resolution and sampling rate

	Local Oscillator
	200 ppm (initial),
[0-10] ppm (sync)
	Frequency error of oscillator/PLL before and after synchronization

	DBB Processing
	Detect PSS/SSS,
Demod OOK,
Duty cycle
	Digital baseband processing includes detection of PSS/SSS, OOK demodulation, and duty cycle operation


Table 4: Addressing Concerns with Combined OOK-based and OFDMA-based LPWUR Receiver Solutions
	Concern
	Combined Receiver Solution

	Power Consumption
	Powers off OFDMA detector when not needed, conserving energy

	Hardware Complexity
	Uses low accuracy LO for timing synchronization, reducing complexity

	Power Efficiency
	Supports duty cycle with OFDM detector, improving efficiency despite additional power for OFDMA signal

	Network Spectrum Efficiency
	Reuses existing PSS and SSS, avoiding the need for new common signals with lower spectrum efficiency

	RRM Offloading
	Detects PSS and SSS to identify the cell ID, enabling valid serving cell measurements and potential neighboring cell measurement in intra-frequency

	Synchronization
	Offers comparable performance to the 32-bit OOK-based preamble, assuming the same ADC resolution and LO accuracy


Table 5: OOK-based, OFDMA-based, and Combined LPWUR Comparison
	Aspect
	OOK-based LPWUR
	OFDMA-based LPWUR
	Combined LPWUR (OOK+OFDMA)

	Architecture
	OOK-based
	OFDMA-based
	Combines OOK-based and OFDMA-based with Zero-IF architecture and duty cycle operation

	Primary Use
	LPWUS monitoring
	LPWUS monitoring and RRM offloading
	LPWUS monitoring and RRM offloading

	Power Consumption
	Low power consumption
	Higher power consumption
	Saves energy by powering off OFDMA detector when not needed

	Hardware Complexity
	Less complex
	More complex
	Relaxed LO, ADC and shared I/Q branches for OFDMA-based LPWUR

	Network Spectrum Efficiency
	Low spectrum efficiency
	High spectrum efficiency
	Reuses existing PSS and SSS, preventing the need for new common signals

	RRM Offloading
	Requires new common signal
	Reuses PSS and SSS
	Reuses PSS and SSS

	Synchronization
	Requires new common signal
	Reuses PSS and SSS
	Reuses PSS and SSS for OOK monitoring


Table 6: Parameters for a Combined LPWUR Architecture
	Feature
	Specification

	WUS waveform
	OOK & OFDMA (PSS and SSS)

	LP WUR architecture type
	Homodyne/zero-IF with a mixer with IQ branches

	Relative power consumption (ON)
	0.27

	Relative power consumption (OFF)
	0.001

	Noise figure
	12 dB

	WUS bandwidth (including guard band)
	5 MHz

	Guard band for WUS
	720 kHz

	Frequency location within a carrier
	Flexible

	Presence of RF LNA, and the corresponding gain, if any
	No RF LNA

	Local oscillator, PLL/FLL, time/frequency impairments
	Ring oscillator with FLL locked to RTC, providing 200 ppm accuracy

	Presence of IF/BB AMP, and the corresponding gain, if any
	No IF/BB AMP

	ADC sampling rate
	3.84 MHz

	ADC bit-width
	4 bits

	RF/IF/BB filter characteristics
	Butterworth filter, -3dB cutoff at 2.5 MHz

	Baseband processing
	Correlation Detector, Manchester Decoder

	Frequency band(s)
	Assumed Band 7 (2600 MHz)

	Support of band/carrier tuning
	Yes

	Adjacent channel interference rejection capability
	-16 dB avoidance


	Adjacent subcarrier interference rejection capability
	-3 dB avoidance

	Handling of inter-cell interference
	Iner-cell interference handling via cell detection

	Duty cycle handling of WUS and other signals (if any)
	Assumed duty cycle adjustment

	Mobility support function, e.g., measurement capability
	Mobility support

	Other (e.g., AGC, …)
	Assumed AGC



[bookmark: _Toc142649238]Include the following in TR 38.869: The combined receiver architectures for OOK-based LPWUS monitoring and SSB-based RRM measurement can base on the following diagrams:
[image: A picture containing text, diagram, line, font

Description automatically generated]
[bookmark: _Toc142649239]Include the following in TR 38.869: A Table of Combined OOK and OFDMA LPWUR Receiver Using Zero-IF Architecture and Duty Cycle Operation
	Feature
	Specification
	Description

	Waveform
	OOK
	OOK-based LPWUR for payload demodulation

	Architecture
	Zero-IF / OFDMA
	Combination of OOK-based LPWUR and OFDMA-based LPWUR with duty cycle operation

	Power On
	0.27
	Relative power consumption

	Noise Figure
	12 dB
	Receiver noise figure

	ADC
	4-bit / 3.84 MHz
	ADC resolution and sampling rate

	Local Oscillator
	200 ppm (initial),
2 ppm (sync)
	Frequency error of oscillator/PLL before and after synchronization

	DBB Processing
	Detect PSS/SSS,
Demod OOK,
Duty cycle
	Digital baseband processing includes detection of PSS/SSS, OOK demodulation, and duty cycle operation



Conclusion
In this contribution, we have the following proposals.
Proposal 1	Capture the following observation in TR38.869: For the homodyne/zero-IF OOK LP-WUR, a mixer with I/Q branches can be considered to enhance the system's resilience to multi-path channels and frequency errors.
Proposal 2	Capture the following observation in TR38.869: For the homodyne/zero-IF architecture with baseband envelope detection for OOK, the relative power consumption (OFF) of the receiver is 0.02 to to ensure that the residual frequency error stays within permissible limits for the need to maintain a sufficient level of clock accuracy and network timing synchronization.
Proposal 3	Capture the following observation in TR38.869:
If the OFDMA-based receiver can pre-stored the sequence candidates for frequency synchronization, the following observations have been identified to potentially reduce the power consumption of the receiver architecture for OFDMA-based signals:
· The relative power consumption (ON) of the receiver is arrpoxamted to be 10 if the noise figure is less than [MR noise figure + 2.5dB]
· The relative power consumption (ON) of the receiver is arrpoxamted to be 4 if the noise figure is larger than [MR noise figure + 2.5dB]
· Use a lower accuracy LO (e.g., initial frequency error 200ppm), which increases initial synchronization processing complexity.
· Adopt smaller sampling rates and bit-widths for the ADC (e.g., 4-bit and 3.84MHz)
· If sequence correlation is done in the time domain, remove FFT.
· Sequence candidates for sequence correlation can be generated by the main radio to reduce additional processing complexity.

Proposal 4	Include the following in TR 38.869: The combined receiver architectures for OOK-based LPWUS monitoring and SSB-based RRM measurement can base on the following diagrams:
[image: A picture containing text, diagram, line, font

Description automatically generated]
Proposal 5	Include the following in TR 38.869: A Table of Combined OOK and OFDMA LPWUR Receiver Using Zero-IF Architecture and Duty Cycle Operation
	Feature
	Specification
	Description

	Waveform
	OOK
	OOK-based LPWUR for payload demodulation

	Architecture
	Zero-IF / OFDMA
	Combination of OOK-based LPWUR and OFDMA-based LPWUR with duty cycle operation

	Power On
	0.27
	Relative power consumption

	Noise Figure
	12 dB
	Receiver noise figure

	ADC
	4-bit / 3.84 MHz
	ADC resolution and sampling rate

	Local Oscillator
	200 ppm (initial),
2 ppm (sync)
	Frequency error of oscillator/PLL before and after synchronization

	DBB Processing
	Detect PSS/SSS,
Demod OOK,
Duty cycle
	Digital baseband processing includes detection of PSS/SSS, OOK demodulation, and duty cycle operation




Reference 
1. [bookmark: _Ref114754378]RP-222644, Revised SID: Study on low-power Wake-up Signal and Receiver for NR, vivo
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