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[bookmark: _Toc116995841]Introduction
During RAN WG1#111 meeting, RAN1 sent an LS to RAN4 [2], informing RAN4 of the following:
	RAN1 has discussed the low-power wake-up receiver (LP WUR) architectures and made some agreements as shown in the Appendix. In addition, there are RAN1 agreements for the study item made under agenda items other than the LP WUR architectures, which are not included in the Appendix.
RAN1 kindly asks RAN4 to take RAN1 agreements into account, study at least the LP WUR architectures that RAN1 identifies and provide feedback, potentially considering the aspects including but not limited to:
· The reasonable assumption on adjacent channel selectivity (ACS) for the study and the impact on the LP WUR architectures and signal design
· The impact of adjacent subcarrier interference suppression/rejection on the LP WUR architectures if LP WUS is multiplexed with other signals/channels in frequency, including e.g. 
· The necessity of guard band (if needed, the minimum guard band) between LP WUS subcarriers and adjacent subcarriers
· Whether it is feasible to have LP WUS location flexible within the carrier
· The feasible noise figure(s) for each type of LP WUR architectures
· Impact, if any, LP-WUS transmission on existing gNB emissions/compliance requirements
· The potential RF impairments to be considered include e.g. timing error, frequency error, image impact, LO leakage (DC offset) and flicker (1/f) noise
· Whether certain LP WUR architectures can support multi-band capability
· Note: RAN1 may or may not identify further architecture(s) for the study.



In this document, we provide our initial views on the RAN1 proposed architectures.
[bookmark: _Toc116995842]Common attributes
Before diving deep into different architectures, some observations, and proposals common to the three architectures are discussed. The common assumptions for different architectures are:
· Modulation is assumed to be either Manchester encoded MC-OOK or MC-FSK.
· The WUS is assumed to have flexible location within a carrier.
The power saving gains comes from the duty cycling of the LR. The on time of the duty cycle should be sufficiently large for the components programming and settling time.
Receiver specifications such as ACS, guard bands etc., defined in TS38.101-1 [3] and TS38.101-2 [4] shall be used as baseline for LP-WUS study. 
There shall be no impact of LP-WUS on the existing gNB emissions and compliance requirements. 
RF envelope detector
Basic architecture for utilizing an RF envelope detector for demodulating the LP-WUS signal is shown in Figure 3. This architecture utilizes an envelope detector working at RF to demodulate the LP-WUS signal. The architecture starts with a matching network, which must be used to adjust the size and center of the band. This means a control function to adjust within a few mega-hertz. This requires an extensive switching network of components. Given the functional requirements, the matching N/W in this architecture is going to be complex compared to a standard UE matching n/w. Further, to provide the flexibility to place WUS across the NR carrier, a tunable high-Q factor filter will be required. 
A multi-band RF envelope detector is difficult to implement. Further, in this architecture it should be able to operate under all carrier frequencies in both FR1 and FR2. A minimum signal value of -50dBm is assumed to be needed for the RF envelope detector to work. This means that a RF LNA is a mandatory component in this architecture.
This architecture has the lowest power footprint compared to other two architectures. However, that comes at the cost of very tough requirements and rigid constraints related to LP-WUS placement and operation band. Details regarding the component values used for evaluation can be found in [5].
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[bookmark: _Ref127177314][bookmark: _Ref127177260]Figure 3 Basic UE LP-WUR architecture for utilizing an RF envelope detector ([2]).

Based on the discussion, following observations can be made:
The RF requirements for this architecture are very tedious. Not only it requires a very high Q factor (>150) RF filters, they also have to be tuneable across the supported NR carriers. These are very complex requirements, and it will increase the power consumption & cost of this architecture. 
Without the RF LNA, minimum received signal power will be in the range of -50dBm, governed by the minimum signal requirement of the RF-envelope detector. The LNA can improve the minimum required signal to around -70dbm. To achieve equivalent coverage as other NR signals, a multi-stage LNA must be used, thus increasing cost and power consumption. 
BB amplifier will be required to drive a multi bit ADC, which in turn is required to get processing gain. 
The architecture has the highest potential for UE power saving but that comes at the cost of network complexity and power cost.

Given the challenges for this architecture operating in multiple bands which is required for placing the LP-WUS signal anywhere in the operating band, we suggest to focus on other architectures.
RF envelope detector architecture should be de-prioritized.
IF Envelope detector
The IF envelope detector is based on the principle of superheterodyne receiver. The RF signal is down-converted to an intermediate frequency (IF) where it is demodulated using an IF envelope detector. Basic architecture for utilizing an IF envelope detector for demodulating the LP-WUS signal is shown in Figure 2. 
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[bookmark: _Ref127223602]Figure 2 Basic UE LP-WUR architecture for utilizing an IF envelope detector ([2]).
The receiver architecture starts with a matching network, followed by a RF BPF and a RF LNA. All these components should be able to operate in all 5G NR bands. Given the similarity in terms of functionality with the main radio (MR), these components can be shared between the MR and LR. The required frequency tuning can be done via the LO. Further, as there is an IF stage, it would be easier to design high-Q filters at IF than at RF. To demodulate the LP-WUS signal, an IF-envelope detector is utilized. An IF-envelope detector with a fixed center frequency is relatively easy to implement. As this architecture requires a tunable LO, a PLL will be required which will increase the power consumption a bit. Being a heterodyne architecture, RF impairments such as image rejection, LO leakage, etc., will impact the performance. Further, the clock accuracy will impact the LP-WUS detection rate, thus to define the required accuracy, LP-WUS failure rate should be known. Details regarding the component values used for evaluation can be found in [5].
Following are few observations and proposals regarding the IF envelope detector architecture. 
[bookmark: _Toc127283271]There are no special RF requirements for the RF matching network and RF BPF of the low-power receiver (LR), thus, it can share these components with that of the main radio (MR). 
A PLL will be required to generate the LO signal. This will increase the power consumption of the LR. Further, its settling time can be of the order of few milli-seconds. 
Given the large gain before the IF-envelope detector, noise contribution of the IF-envelope detector will be negligible. The minimum received signal power can be in the range of standard NR signals.
This architecture will consume more power compared to RF envelope detector architecture but provides more flexibility in terms of WUS signal placement. 
The RF LO (RF Synthesizer) must be programmable to be able to select the WUS frequency band at any frequency within the operating band and to be able to cover multiple NR bands. The output level of the LO needs to be aligned with the RF Mixer input requirements. 
The clock accuracy requirements depend on waveform used, guard bands, the minimum required suppression of NR OFDM signal. Further, they are tied along with LP-WUS failure rate.


LP-WUS failure rate should be defined to determine the clock accuracy requirements for IF envelope detector receiver architecture. 
PLL programming and settling time should be considered while defining the duty cycle of the LR for IF envelope detector architecture. 
At least following RF impairments for IF envelope detector architecture should be considered: image rejection, LO leakage, phase noise. 

Zero IF Receiver architecture
The Zero IF receiver architecture is aimed for multi band usage. This architecture can have a high degree re-use of the NR radio like frontend, antennas, LNA and optional also the mixer.
Basic architecture for utilizing a zero IF receiver for demodulating the LP-WUS signal is shown in Figure 3.
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[bookmark: _Ref126936077]Figure 3 Illustration UE LP-WUR architecture for utilizing a zero IF receiver ([2]).
Given the similarities between the IF envelope detector architecture and Zero IF architecture, similar observations regarding clock accuracy and PLL requirement also apply here. As there is no IF stage, so there is no IF amplifier either. However, a higher linearity mixer with image rejection is required to attain the same performance as the IF-envelope detector architecture. Further, DC leakage will cause a problem here. Details regarding the component values used for evaluation can be found in [5].
DC offset cancellation loop to attenuate the DC signal though could cause information loss. 
Like IF envelope detector architecture, here too, the location of LP-WUS signal within the carrier is variable. 
This architecture will consume relatively less power than the IF envelope detector architecture. 
A higher linearity mixer with image rejection is required. 
A PLL will be required to generate the LO signal. This will need additional power and will increase the power consumption of the LR. Further, its settling time can be of the order of few milli-seconds. 
The ADC needs to have high dynamic range to handle fading and other channel variations from time to time. A resolution of 4—8 bits would be preferred. The sample rate should be aligned with the bandwidth of the WUS signal bandwidth. 
The RF LO (RF Synthesizer) must be programmable to be able to select the WUS frequency band at any frequency within the operating band and to be able to cover multiple NR bands. The output level of the LO needs to be aligned with the RF Mixer input requirements. 
The clock accuracy requirements depend on waveform used, guard bands, the minimum required suppression of NR OFDM signal. Further, they are tied along with LP-WUS failure rate.

LP-WUS failure rate should be defined to determine the clock accuracy requirements for Zero IF receiver architecture. 
PLL programming and settling time should be considered while defining the duty cycle of the LR for Zero IF receiver architecture. 
At least following RF impairments for Zero IF receiver architecture should be considered: blocker sensitivity, LO leakage, phase noise.
[bookmark: _Toc116995848]Conclusion
In this paper, three different architectures are studied for utilization as LP-WUS receivers. Following conclusions are made regarding all three architectures.
1. The power saving gains comes from the duty cycling of the LR. The on time of the duty cycle should be sufficiently large for the components programming and settling time.
1. Receiver specifications such as ACS, guard bands etc., defined in TS38.101-1 [3] and TS38.101-2 [4] shall be used as baseline for LP-WUS study. 
1. There shall be no impact of LP-WUS on the existing gNB emissions and compliance requirements.
Following observations and conclusions are made regarding the RF envelope detector architecture
The RF requirements for this architecture are very tedious. Not only it requires a very high Q factor (>150) RF filters, they also have to be tuneable across the supported NR carriers. These are very complex requirements, and it will increase the power consumption & cost of this architecture. 
Without the RF LNA, minimum received signal power will be in the range of -50dBm, governed by the minimum signal requirement of the RF-envelope detector. The LNA can improve the minimum required signal to around -70dbm. To achieve equivalent coverage as other NR signals, a multi-stage LNA must be used, thus increasing cost and power consumption. 
BB amplifier will be required to drive a multi bit ADC, which in turn is required to get processing gain. 
The architecture has the highest potential for UE power saving but that comes at the cost of network complexity and power cost.
1. RF envelope detector architecture should be de-prioritized.

Following observations and proposals are made regarding the IF envelope detector architecture. 
There are no special RF requirements for the RF matching network and RF BPF of the low-power receiver (LR), thus, it can share these components with that of the main radio (MR). 
A PLL will be required to generate the LO signal. This will increase the power consumption of the LR. Further, its settling time can be of the order of few milli-seconds. 
Given the large gain before the IF-envelope detector, noise contribution of the IF-envelope detector will be negligible. The minimum received signal power can be in the range of standard NR signals.
This architecture will consume more power compared to RF envelope detector architecture but provides more flexibility in terms of WUS signal placement. 
The RF LO (RF Synthesizer) must be programmable to be able to select the WUS frequency band at any frequency within the operating band and to be able to cover multiple NR bands. The output level of the LO needs to be aligned with the RF Mixer input requirements. 
The clock accuracy requirements depend on waveform used, guard bands, the minimum required suppression of NR OFDM signal. Further, they are tied along with LP-WUS failure rate.
LP-WUS failure rate should be defined to determine the clock accuracy requirements for IF envelope detector receiver architecture. 
PLL programming and settling time should be considered while defining the duty cycle of the LR for IF envelope detector architecture. 
At least following RF impairments for IF envelope detector architecture should be considered: image rejection, LO leakage, phase noise.

Following observations and proposals are made regarding the IF envelope detector architecture. 
DC offset cancellation loop to attenuate the DC signal though could cause information loss. 
Like IF envelope detector architecture, here too, the location of LP-WUS signal within the carrier is variable. 
This architecture will consume relatively less power than the IF envelope detector architecture. 
A higher linearity mixer with image rejection is required. 
A PLL will be required to generate the LO signal. This will need additional power and will increase the power consumption of the LR. Further, its settling time can be of the order of few milli-seconds. 
The ADC needs to have high dynamic range to handle fading and other channel variations from time to time. A resolution of 4—8 bits would be preferred. The sample rate should be aligned with the bandwidth of the WUS signal bandwidth. 
The RF LO (RF Synthesizer) must be programmable to be able to select the WUS frequency band at any frequency within the operating band and to be able to cover multiple NR bands. The output level of the LO needs to be aligned with the RF Mixer input requirements. 
The clock accuracy requirements depend on waveform used, guard bands, the minimum required suppression of NR OFDM signal. Further, they are tied along with LP-WUS failure rate.

LP-WUS failure rate should be defined to determine the clock accuracy requirements for Zero IF receiver architecture. 
PLL programming and settling time should be considered while defining the duty cycle of the LR for Zero IF receiver architecture. 
At least following RF impairments for Zero IF receiver architecture should be considered: blocker sensitivity, LO leakage, phase noise.

Finally, we propose to agree to send the reply LS as provided in the Appendix of this tdoc to RAN1, which includes the common proposals for all the architectures.
Agree to send the reply LS provided in Appendix of this tdoc to RAN1.
[bookmark: _Toc116995849]References
[1] [bookmark: _Ref114500673]RP-222644, Revised SID: “Study on low-power Wake-up Signal and Receiver for NR”, RAN#97, VIVO. 
[2] [bookmark: _Ref127176098]R1-2212999, “LS to RAN4 on low-power wake-up receiver architectures”, RAN1 #111, Toulouse, France, November 14 – November 18, 2022. 
[3] [bookmark: _Ref127222373]TS 38.101-1, “User Equipment (UE) radio transmission and reception, Part 1: Range 1 Standalone”, v18.0.0.
[4] [bookmark: _Ref127222377]TS 38.101-2, “User Equipment (UE) radio transmission and reception, Part 2: Range 2 Standalone”, v18.0.0.
[5] [bookmark: _Ref127458496]R4-2300499, “Evaluation of Low power wake-up receiver architectures”, RAN4 #106, Athens, Greece, February 27 – March 3, 2023.



Appendix: Reply LS on low-power wake-up receiver architectures

Title:	[Draft] Reply LS on low-power wake-up receiver architectures
Response to:	R4-2212999
Release:	Release 18
Work Item:	FS_NR_LPWUS


Source:	RAN WG4
To:	RAN WG1
Cc:	N/A

Contact Person:	
Name:	Alok Sethi
E-mail Address:	alok.sethi (at) nokia.com

Send any reply LS to:	3GPP Liaisons Coordinator, 3GPPLiaison@etsi.org

Attachments:	


1. Overall Description:
RAN4 has discussed the LP WUR architectures suggested by RAN1 and would like to provide the following response to RAN1.
RAN4 response: RAN4 proposes that receiver specifications such as ACS, guard bands etc., defined in TS38.101-1 and TS38.101-2 shall be used as baseline for LP-WUS study. Further, there shall be no impact of LP-WUS on the existing gNB emissions and compliance requirements. 
In addition, the WUS location in  the carrier should be flexible.
2. Actions:
To RAN1 group.
ACTION: 	RAN4 respectfully requests RAN1 group to take the provided information into account.

3. Date of Next TSG-RAN WG4 Meetings:
TSG-RAN4 Meeting#106-bis-e	 17th – 26th April 2022		Online
TSG-RAN4 Meeting#107		 22nd – 26th May 2022		Korea
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