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[bookmark: OLE_LINK32][bookmark: OLE_LINK20][bookmark: _Ref129681832]Introduction
This contribution continues discussing the LP-WUS receiver architectures, including 
· Analysis on the impact of synchronization processing for LP-WUR
· Discussion on the power value for receiver architecture of OOK, FSK and OFDMA with time domain correlator
[bookmark: _Ref141552208][bookmark: _Ref142409172][bookmark: _Ref131446179]Synchronization processing between LR and MR
In RAN1#113, the following was agreed:
	Agreement
For the LP WUR architectures analysis, in addition to LP-WUS detection, consider the following functions when necessary:
· [bookmark: _Hlk141539571][bookmark: _Hlk141538070]Synchronization signal processing and time/frequency synchronization for LP-WUR
· RRM measurement at least for the serving cell


 
In this sub-section, we discuss the impact on LP-WUS receiver architecture due to synchronization signal processing and time/frequency synchronization for LP-WUR.
Oscillator with relaxed performance requirements can be applied to LP-WUR to reduce the power consumption. However, the oscillator with lower spectral purity and stability may impact the detection performance of LP-WUS. Therefore, the capability of synchronization and correcting time/frequency error is important for LP-WUS. Several design principles to achieve acceptable time/frequency synchronization can be considered:
1) Time and frequency synchronization by LP-WUR based on LP-SS or even existing PSS/SSS potentially assisted by PBCH DMRS/TRS to compensate the frequency and time error. To achieve this, one example diagram for the baseband processing is shown in Figure 1, where additional LP-SS/NR existing signal detection/measurement blocks are required. The LP-SS/NR signal detection block performs synchronization and time/frequency tracking based on the LP-SS or existing NR signal. The detection results can drive the clock calibration block to adjust the frequency of oscillator, and can also be used to shift the slot/frame boundary.
It should be noted that, the detection/measurement blocks are logical blocks. If the LP-SS shares similar waveform with LP-WUS, or if the LP-SS / existing NR signal can be received with similar algorithm/modules as LP-WUS. Modules in the LP-WUS detection block can be reused to LP-SS/NR signal detection/measurement block.  
[image: C:\Users\z00526220\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\84E25206.tmp]
[bookmark: _Ref142062410]Figure 1 An example diagram for LP-WUR baseband processing with synchronization and RRM measurements
For power consumption, if periodic synchronization/measurement is utilized, the additional power consumption introduced by synchronization and measurement should be averaged across the periodicity. It is observed in on our companion paper [5] that, an LP-SS with the periodicity of 320 ms is sufficient. For synchronization based on existing NR signal, e.g. PSS/SSS, UE can further reduce the power consumption by detecting only part of the bandwidth of the SSS (e.g. 12 RB, which is the same as the assumption for LP-WUS) via time domain correlator. Therefore, the additional power consumption introduced by synchronization and measurement could be negligible.
If time and frequency synchronization is performed via a signal (e.g. preamble) preceding or part of LP-WUS, the power consumption of synchronization mainly depends on the LP-WUS monitoring periodicity. If UE continuously monitors LP-WUS, the power should be considered in each LP-WUS detection operation. Therefore, companies can further study suitable LP-WUS monitoring periodicity for this design.
Proposal 1: [bookmark: _Hlk142584744]Support baseband processing with LP-SS/NR signal detection and RRM measurement functionality.

2) When UE switches from MR to LP-WUR, before the MR goes to ultra-deep sleep, MR can assist LP-WUR to calibrate the clock and timing.
One example of this functionality is shown in Figure 1 based on zero-IF receiver architecture for envelope detection, in which calibration signal paths from MR to LP-WUR are introduced. To calibrate the frequency of the oscillator in LP-WUR, a clock calibration block, usually implemented in digital domain, compares the clock signal from oscillator LP-WUR and the more precise clock signal from oscillator of MR, and then indicates to adjust the frequency of the oscillator of LP-WUR (e.g. via Frequency Control Word). In this case, the initial time and frequency error of LP-WUR can be as low as the residual frequency error of MR, for example, 0.5 ppm [4]. 
For slot/frame synchronization, if the slot/occasion of LP-WUR has some relationship with the slot/frame of MR, for example, the slot/frame boundary of LP-WUR and MR can be aligned, then a calibration signal indicating slot/frame boundary from MR can be utilized for fast convergence before the detection of LP-SS or existing NR signal.
On the other hand, the LP-WUR can also provide a coarse level calibration signal to MR to help the slot/frame synchronization when MR wakes up from ultra-deep sleep state. In this case, the number of SSB used by MR can be reduced since the coarse timing is already maintained[5].
[image: C:\Users\z00526220\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\3673EE3F.tmp]
Figure 2 An example of Zero-IF receiver with time frequency calibration functionality from MR to LP-WUR

For the power consumption introduced by synchronization, the power consumption of initial calibration for LP-WUR via MR can be negligible, since it is performed when the MR switches off (i.e., go to ultra-deep sleep) and LP-WUR switches on. Furthermore, the power consumption and convergence time of initial (time and frequency) synchronization for LP-WUR based on LP-SS or NR signal can also be avoided.
Proposal 2: Support baseband processing with time and frequency calibration functionality between LP-WUR and MR.

Power consumption of LP-WUR architectures
There is not yet an agreed mapping between the relative power values agreed under evaluation methodologies, and the value(s) associated to each architecture. Having such a mapping will help WI and SI evaluations.
Proposal 3: Conclude on reasonable power value range for receiver architectures for OOK, FSK and sequence-based OFDM with time domain correlator.
On power value for receiver architectures for OOK and FSK
In RAN1#111, several observations for receivers for OOK are agreed and captured in TR38.869:
	Agreement
The following observation to be captured in TR38.869:
For the architecture with RF envelope detection,
· It can achieve relatively low power consumption due to the removal of LO/PLL.
· Interference suppression for adjacent channel interference requires very high-Q matching network and/or RF BPF, which is challenging due to the high Q values and may require off-chip components.
· Interference suppression for interference from legacy NR signals and/or other LP WUS on adjacent subcarriers, if performed in RF, requires very high-Q matching network and/or RF BPF, which is challenging due to the high Q values and may require off-chip components.
· The support of multiple bands and/or carriers may require multiple high-Q matching networks and/or RF BPFs or multiple off-chip components.
· RF LNA can be applied to improve sensitivity, with the cost of additional power consumption.
· The noise figure can be relatively high.

Agreement
The following observation to be captured in TR38.869:
For homodyne/zero-IF architecture with baseband envelope detection,
· For the support of band and/or carrier tuning, the band and/or carrier tuning can be achieved via tuning the LO frequency.
· The matching network and RF BPF for LP WUR may or may not reuse those of the main radio.
· It is more effective and less complex to use BB BPF/LPF instead of high-Q matching network and/or RF BPF to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· It consumes less power, but it may result in larger frequency error.
· It can suffer from LO leakage (DC offset) and flicker (1/f) noise. The impact may be alleviated by using BB BPF in some cases.
· RF LNA can be applied to improve sensitivity, with the cost of additional power consumption.
· The baseband envelope detection can be done in either analog domain (before ADC) or digital domain (after ADC).

Agreement
The following observation to be captured in TR38.869:
For heterodyne architecture with IF envelope detection,
· For the support of band and/or carrier tuning, the band and/or carrier tuning can be achieved via tuning the LO frequency.
· The matching network and RF BPF for LP WUR may or may not reuse those of the main radio.
· It is more effective and less complex to use IF BPF instead of high-Q matching network and/or RF BPF to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· Using FLL instead of PLL consumes less power, but it may result in larger frequency error. 
· The IF frequency can be properly selected to avoid LO leakage (DC offset) and flicker (1/f) noise.
· Image rejection can be done via either image rejection filter or image rejection mixer.
· Image rejection filter can be done in either RF or IF, which may require high-Q filter.
· Image rejection mixer requires two-branch (I/Q) mixing with good matching in gain and phase, which consumes additional power.
· RF LNA and/or IF AMP can be applied to improve sensitivity, with the cost of additional power consumption.



In RAN1#112, it is agreed to study receiver architectures for FSK with both parallel envelope detector and frequency to amplitude conversion.
 
	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 receiver
[image: C:\Users\z00526220\AppData\Roaming\eSpace_Desktop\UserData\z00526220\imagefiles\FB35D129-2AE3-49DF-8504-BE521D4B21A1.png]
· The observations made for homodyne/zero-IF architecture with baseband envelope detection in RAN1#110b/111 are also applicable here.
· Parallel heterodyne architecture receiver
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Description automatically generated]
· 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 receiver with frequency to amplitude conversion
· I/Q branches are required for frequency to amplitude conversion in digital BB.
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· Heterodyne architecture receiver with frequency to amplitude conversion
[image: Diagram
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· Companies provide the exact type FFS what type(s) of frequency to amplitude conversion being is studied.
· Note: Other architectures are not precluded.



For receivers with envelope detection, the applicable receiver architectures for each agreed waveform are summarized in the following tables:
Table 1 Applicable receiver architectures for agreed waveforms
	Receivers with single branch of envelope detection
	OOK-1, OOK-4

	Receivers with parallel branches of envelope detection
	OOK-2, FSK-1, FSK-2



With proper trade-off between components, power consumption, and performance based on the characteristics captured in the TR, the power consumption for each architecture with a single branch of envelope detection can be:
· For receiver with RF envelope detection, about 0.05 with noise figure of about 20 dB if a high-Q RF filter is applied.
· For heterodyne with IF envelope detection, around 0.1 with noise figure of about 15 dB when RF LNA, multi-bit ADC, and image rejection mixer with low power oscillator and RTC are applied to the receiver.
· For zero-IF with baseband envelope detection, no larger than 0.1 with noise figure of about 15 dB, when RF LNA and multi-bit ADC is applied to the receiver.

For receiver with parallel envelope detection, the power consumption depends on how many branches of envelope detector are used, or in other words, what the data rate is required for MC-OOK/ASK/FSK. However, obviously M branches will not consume M times power compared to single branch envelope detection, since most of the RF/IF components, such as matching network, RF BPF, LNA and oscillator are shared among each detection branch. The dedicated components for each detection branch are limited to IF/BB amplifier, filter, ADC and envelope detector. Therefore, with the right choice of these components, especially the sampling rate of the ADC, the additional relative power for one extra branch will not be larger than 0.01 if envelope detection is performed in the analogue domain. And the additional relative power for one extra branch will be around 0.01, if envelope detection is performed in the digital domain (i.e. in digital BB processing), the additional relative power for one extra branch will be around 0.02 considering digital domain envelope calculation. 
Observation 1. The relative power consumption for each additional branch for analogue/digital envelope detection will be round 0.01 and 0.02 respectively for parallel envelope detection. 

Proposal 4: Capture the following in TR38.869: 
For OOK receivers, the expected relative power consumption value of each receiver architecture with single branch of envelope detection with proper trade-off between components power consumption and performance can be:
· 0.05 for receiver architecture with RF envelope detection with noise figure of 20 dB
· 0.1 for receiver heterodyne architecture with IF envelope detection with noise figure of 15 dB
· 0.09 for zero-IF architecture with baseband envelope detection with noise figure of 15 dB

Proposal 5: Capture the following relative power consumption value in TR 38.869:
For FSK receivers with parallel envelope detectors, the expected relative power consumption value of each receiver architecture with proper trade-off between components power consumption and performance can be as follow:
· A 2-branch parallel receiver architecture consumes similar power as a 2-branch parallel receiver for OOK signal with the same noise figure.
· Each additional branch for analogue or digital envelope detection will add around 0.01 or 0.02 power consumption. respectively.
On power value for receiver architecture for OFDMA-based signals/channels
 In RAN1#113, it was agreed to study the following baseband processing of the LP-WUR, which are suitable for OFDMA-based signals/channels:
	Agreement
For the baseband processing of the LP WUR architectures,
· … 
· 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]




The digital baseband processing is utilizing time domain correlator, in which, the digitized time samples of each OFDM symbol of the received signal are correlated with the pre-stored local sequence(s) in time-domain. The correlator multiplies each sample of received signal with the corresponding sample of a local sequence and then accumulate all the product of samples in one OFDM symbol together. 
The time correlator enables the usage of phase information of LP-WUS instead of only using the amplitude information. And the corresponding receiver architecture for OFDMA based LP-WUS utilizing time domain correlator is shown in Figure 3.
[image: ]
[bookmark: _Ref141552072]Figure 3 Receiver architecture that can support baseband processing of time domain correlator
For the power consumption of the receiver architecture, with respect to the power consumption of the additional frequency mixing branch, the receiver structure is very similar to the IF receiver for OOK with image rejection mixer, which utilizes two frequency mixers to suppress the image interference. The difference is that, the receiver for sequence type waveform requires extra baseband amplifier, lowpass filter and ADC for each branch.
Meanwhile, considering that the sequence modulation using the phase information of signal, a PLL might be required to track the phase of received signal, which is usually supposed to be power-hungry for LP-WUR. However, the power consumption of PLL is fundamentally dominated by the power of the embedded oscillator. Similar as FLL, a low power oscillator can also be applied to PLL. The power consumption for the loop circuit of PLL would be higher than that of FLL by several tens of μW. Therefore, the introduction of PLL with low-power oscillator embedded will also be feasible for LP-WUS receiver.  It is expected that the additional power consumption of the RF part of the receiver is about 0.02 compared to that of OOK receiver.
With respect to the power consumption of baseband processing, the correlator multiplies each sample of received signal with the corresponding sample of a local sequence and then accumulate all the product of samples in one OFDM symbol together. So, a total of N multiplication is applied for each correlation operation, where N is number of samples for each OFDM symbol. And when sliding correlation is utilized, the number of required multiplications KN, where K is the length of sliding window. According to our study, a small sliding window, e.g. window with the length no more than cyclic prefix would be sufficient for detecting the sequence-based waveform
For synchronization processing, as discussed in Section 2, the power consumption is negligible compared to LP-WUS receiving if duty cycle is not utilized. The additional power consumption of the baseband correlator with both sliding correlation for synchronization and data, and saving/loading the pre-stored local sequence is about 0.08.
Based on analysis above, a relative power consumption of 0.15~0.2 with similar noise figure as zero-IF receiver for OOK can be achieved by this type of receiver if duty cycle is not utilized, considering both the extra power consumption of RF and BB part, which is higher than the zero-IF receiver for OOK and FSK, but is still significantly lower than the deep sleep power consumption of main radio.
Proposal 6: [bookmark: _Hlk142069682]Capture the following relative power consumption value in TR 38.869:
The receiver architecture with baseband time domain correlator for sequence-based waveform can provide a relative power consumption of 0.15~0.2 with noise figure of 15dB.


Conclusions
This contribution continues discussing the architectures of LP-WUS receiver. We have the following observations and proposals:
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Observations: 
Observation 1. The relative power consumption for each additional branch for analogue/digital envelope detection will be round 0.01 and 0.02 respectively for parallel envelope detection. 

Proposals: 

Proposal 1: Support baseband processing with LP-SS/NR signal detection and RRM measurement functionality.
Proposal 2: Support baseband processing with time and frequency calibration functionality between LP-WUR and MR.
Proposal 3: Conclude on reasonable power value range for receiver architectures for OOK, FSK and sequence-based OFDM with time domain correlator.
Proposal 4: Capture the following in TR38.869: 
For OOK receivers, the expected relative power consumption value of each receiver architecture with single branch of envelope detection with proper trade-off between components power consumption and performance can be:
· 0.05 for receiver architecture with RF envelope detection with noise figure of 20 dB
· 0.1 for receiver heterodyne architecture with IF envelope detection with noise figure of 15 dB
· 0.09 for zero-IF architecture with baseband envelope detection with noise figure of 15 dB
Proposal 5: Capture the following relative power consumption value in TR 38.869:
For FSK receivers with parallel envelope detectors, the expected relative power consumption value of each receiver architecture with proper trade-off between components power consumption and performance can be as follow:
· A 2-branch parallel receiver architecture consumes similar power as a 2-branch parallel receiver for OOK signal with the same noise figure.
· Each additional branch for analogue or digital envelope detection will add around 0.01 or 0.02 power consumption. respectively.
Proposal 6: Capture the following relative power consumption value in TR 38.869:
The receiver architecture with baseband time domain correlator for sequence-based waveform can provide a relative power consumption of 0.15~0.2 with noise figure of 15dB.
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