[bookmark: _Hlk6897498]3GPP TSG-RAN4 Meeting #106	        R4-2302276 Athens, Greece, 27th February – 3rd March 2023


Source: 	Qualcomm Inc.
Title: 	Low-power wake-up receiver RF aspects 
Agenda Item:	9.20.2
Document for:	Approval


Introduction 
Study item description for low-power Wake-up Signal and Receiver for NR can be found in [1]. In this contribution we discuss the UE RF aspects and response to the LS from RAN1 [2].


Discussion

Study item objectives from [1] are reproduced below.The study item includes the following objectives:
· Identify evaluation methodology (including the use cases) & KPIs [RAN1]
· Primarily target low-power WUS/WUR for power-sensitive, small form-factor devices including IoT use cases (such as industrial sensors, controllers) and wearables
· Other use cases are not precluded
· Study and evaluate low-power wake-up receiver architectures [RAN1, RAN4] 
· Study and evaluate wake-up signal designs to support wake-up receivers [RAN1, RAN4] 
· Study and evaluate L1 procedures and higher layer protocol changes needed to support the wake-up signals  [RAN2, RAN1] 
· Study potential UE power saving gains compared to the existing Rel-15/16/17 UE power saving mechanisms, the coverage availability, as well as latency impact of low-power WUR/WUS. System impact, such as network power consumption, coexistence with non-low-power-WUR UEs, network coverage/capacity/resource overhead should be included in the study [RAN1]
· Note: The need for RAN2 evaluation will be triggered by RAN1 when necessary. 


It can be seen from the objectives that RAN4 efforts are expected on the wake-up receiver architecture study as well as on wake-up signal design evaluation. From the LS [2] it can be seen that be seen that RAN1 has been focusing mainly on three different RF architecture options, RF envelope detection, heterodyne with IF envelope detection and zero-IF with baseband envelope detection. As almost all aspects on the wake-up signal are still open in RAN1, this contribution focuses on the receiver architectures, and discusses trade-offs and dependencies between the receiver architectures and wake-up signal design.

Selectivity considerations for different RF architectures

Many of the questions in the RAN1 LS focus on how different RF architectures can manage with in-channel and adjacent channel interference, and we have analyzed this for each architecture option. First we discuss the general principles of how adjacent subcarrier and adjacent channel interference effects the time domain detection and then discuss ways to provide selectivity for each architecture option.
Firstly, as WUR will be implemented together with the main receiver, it can be placed in the same physical locations as main receiver. Therefore, the signal environment and power levels at adjacent channel are the same as for main receiver when observed at antenna connector. Therefore, WUR will need to operate under similar interference as main receiver.

Observation 1: RF signal levels observed at antenna connector are similar for wake-up receiver and main receiver.

As time domain detection is being considered, all other signals than the signal being detected will be seen as interference. This includes both in-channel signals, i.e. other subcarriers and adjacent channel signals. First let’s look at the adjacent subcarriers which are in-channel. This corresponds to a scenario where WUS covers part of the carrier bandwidth.

In case this signal content enters the detector, the SNR can be calculated as ratio of WUS power relative to other subcarriers. If the signals have constant PSD, this can be also expressed as ratio of the signal bandwidths. When all other noise sources are ignored the outcome the SNR behavior is as provided in Figure 2.
[image: ]
Figure 1: WUS bandwidth impact on SNR with no selectivity against adjacent subcarriers.
When adjacent channels, which can have much larger PSD than the wanted signal, are taken into account, the SINR of the time domain signal can have very large negative values. Therefore, providing proper selectivity is necessary as otherwise wake-up signal would not be reliably detectable under extremely low SINR. This is illustrated in Figure 2 which shows SINR relative to ACS interferer power when following parameters are used. 
· Carrier SNR due to thermal noise -1 dB
· Carrier BW 106 RB
· WUS BW 25 RB
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Figure 2: WUS SINR with adjacent subcarrier and adjacent channel interference.
It can be seen that even with no adjacent channel interferer, SINR is always very low due to adjacent subcarrier interference. Therefore, it seems apparent that RF architecture needs to be able to provide sufficient rejection against adjacent channels and most likely also adjacent subcarriers.
Observation 2: Without selectivity in the receiver, SINR can be very low due to adjacent subcarrier and adjacent channel interference.
As many of the WUS parameters are still open in RAN1 it would be also beneficial to consider what is the proper way to evaluate different solutions, as clearly throughput metrics are not applicable. It is suggested to consider either average attenuation provided against adjacent subcarriers and/or adjacent channels, or alternatively SINR of the signal at the input of the detector.
Proposal 1: Average selectivity against adjacent subcarriers and/or adjacent channels as well as resulting SINR of the wanted signal at detector input can be used to evaluate and compare different RF architectures from selectivity perspective.


For RF envelope detection majority of the selectivity comes for the RF filter. We expect that for all RF architectures, it would be reasonable to re-use the same RF filter as for main receiver and just route the signal either to main or wake-up receiver. Therefore, RF filter will be allowing the signals in the whole operating band pass through to the envelope detector.
Envelope detector will include low-pass filtering for smoothing the envelope. Additional selectivity provided after the envelope detector will not provide much help as highest input is driving the envelope and will be the main component in the detector output. Further filtering will rather smoothen out the wanted signal which in the time domain signal is rather only a tiny ripple in the interferer waveform.
We expect that the envelope detector would be tuned to the specific operating band via proper component sizing, which will result in some frequency selectivity, however, this will not make a meaningful difference. Secondly, having components sized for the operating band results in poor capabilities to support multiple operating bands, especially ones with large frequency difference.
Observation 3: In RF envelope detection there is little or no selectivity against adjacent channel interference and adjacent subcarrier interference.
Observation 4: RF envelope detector is not well-suited to support multiple operating bands. 
Proposal 2: Inform RAN1 that RF envelope detection does not provide sufficient selectivity against adjacent channel and adjacent subcarrier interference and it cannot support multiple operating bands with large frequency differences.


For IF envelope detection, most selectivity would come from an IF-filter, which is traditionally an acoustic filter using e.g. SAW technology. As the heterodyne architecture has an LO, one IF-filter is sufficient and the architecture can support multiple operating bands.

Observation 5: Heterodyne architecture with IF envelope detection can support multiple operating bands

IF-filter characteristics are important to understand. Firstly, IF filter can provide good selectivity, e.g. 20-30 dB, with just couple MHz transition bandwidth. Also any loss present in IF-filter is less important as amplification can be provided before the signal enters the IF-filter. Therefore, from pure filtering performance perspective IF-filter could be a viable solution to suppress adjacent channels and even adjacent subcarriers with some distance away from WUS. 

This filtering performance will depend a lot whether WUS location is flexible within carrier bandwidth and how quickly the placement can vary. In principle, tuning the LO correctly can address the flexibility in WUS position. However, if the WUS location is constantly changing, then LO would also need to be constantly re-tuned, adding complexity to the control of the LO and tracking where WUS will be transmitted. In case IF-filter passband is made wider to allow WUS location flexibility, then selectivity against adjacent subcarriers or even adjacent channels may suffer.

Observation 6: While IF-filter can provide good selectivity against adjacent channels and even in-channel subcarriers which are not immediately adjacent to WUS, the selectivity may suffer if WUS location is flexible.

Furthermore, there are other costs associated with the IF-filter. As selection of IF-frequency is up to the device manufacturer there is no real IF-filter ecosystem in place like there is for RF filters. This means that IF-filters tend to more custom design and smaller batch products, increasing the unit cost. Furthermore, acoustic filter size will scale with the wavelength. RF size can be less than 1 square-mm, IF filters sizes can be e.g. 25 square-mm. This means that providing a well-integrated small solution may not be feasible. 

Observation 7: IF-filter size and cost and their impact to practicality of the WUR design may be prohibitive aspects and need to be considered in IF envelope detection feasibility.


For baseband envelope detection the selectivity is most likely to come from active baseband filter. The baseband envelope detection architecture can be also used for low-IF. The main difference between low-IF and zero-IF is that with low-IF frequencies at DC are not used. One simple way is to have a capacitor providing a DC block in place. Due to the gap next to DC, 1/f-noise, DC leakage and receiver 2n order non-linearity impairments play lesser role than with zero-IF.
Observation 8: zero-IF architecture can be also used for low-IF operation with very minor modifications.
Some example filter responses are shown in Figure 3 and Figure 4 and in addition average attenuation at adjacent and alternate channel is provided in Table 1 for some further examples.
 
[image: ]
Figure 3: Example responses for different filter passband width.

[image: ]
Figure 4: Example responses for different filter orders.

Table 1: Analog baseband filter attenuation at adjacent and alternate channel.

	
	Filter attenuation at adjacent/alternate channel (dB)

	Passband BW/Filter order
	2
	3
	4
	5

	2.25 MHz
	18.1 / 24.2
	32.8 / 42.2
	47.1 / 59.7
	61.8 / 77.8

	5 MHz
	6.4 / 11.7
	13.9 / 23.1
	21.6 / 34.2
	29.9 / 45.9

	10 MHz
	0.77 / 2.5
	1.4 / 5.7
	2.1 / 9.7
	3.3 / 14.7



It can be seen from that generally the filter bandwidth has much more impact to the rejection capabilities than the filter order. If WUS has wide bandwidth, or the WUS placement in frequency can vary quickly filter passband needs to be wider, which results in poorer selectivity. 
As such having a narrowband WUS at constant location, preferable in the middle of the channel, will enable the filtering provide most help against adjacent channels as well as adjacent subcarriers. The same approach works also for IF envelope detection.
At this moment, there is not yet clear answer to what exact bandwidth the “narrowband” here corresponds to. Narrowest NR channel bandwidth is currently 5 MHz, so it would be reasonable to look at multiple options around and less than that bandwidth more in detail. 
Observation 9: Narrowband WUS in the middle of the RF channel enables baseband filter to provide the most suppression against unwanted signals, i.e. other subcarriers and adjacent channels.
Proposal 3: Inform RAN1 that both IF and baseband envelope detection architectures benefit, i.e. they can provide more filtering towards unwanted signals, when there is no flexibility in the WUS location and WUS is placed in the middle of the RF channel.

Proposal 4: Inform RAN1 that especially baseband envelope detection benefits from more narrowband signal design. 

Finally when it comes to the need for guard-band between the WUS and other signals the answer is not straightforward. Firstly, when operating close the thermal noise floor, having the guard band available provides less help as noise power will be present in any case. When input signal power level is far above thermal noise, guard band will directly reduce the interference. 

The impact of guard band can be evaluated by calculating SINR with varying guard band sizes at different signal strengths. However, it is unlikely that RAN4 can provide a final answer on how this impacts on the feasibility, as it is in RAN1 domain to evaluate how the change in SINR impacts WUS detection performance.

Observation 10: RAN4 can provide analysis how guard band around wake up signal will impact SINR, but it is up to RAN1 to study how this impacts detection performance.  

Noise Figure and Power consumption considerations

Generally noise figure and power consumption are competing specifications – it is very challenging to achieve both low noise figure and low power consumption at the same time and power consumption typically increases when sensitivity is improved. Some trends based on scientific publications can be found e.g. in [3] and [4] with Figure 5 below being reproduced from [3].
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Figure 5: Power consumption vs. sensitivity [3]

While this work targets towards low power receiver, the noise figure cannot be allowed increase without boundary, as that can start to negatively impact performance at cell edge.

Observation 11: Low power consumption needs to be balanced with negative impacts to performance.

Overall selection of the NF is a multi-dimensional issue, which depends also on what is the target SNR where the wake-up signal will be designed to be detectable. If the target SNR is low enough, NF can be higher and power consumption lower without negative impacts to the system operation. 

The typical NF assumption used in RAN4 is 9 dB noise figure, together with the reference sensitivity signal being detectable at approximately -1 dB SNR. This is based on 2Rx UE. Instead of debating noise figures in RAN4, we should guide RAN1 to design the wake-up signal taking advantage of the specified reference point and considering power consumption in the targe SNR.

Once RAN1 provides more information on wake-up signal RAN4 can then agree on applicable noise figure which enables the system to work as intended. Finally, it should be noted that such low noise figures as specified for typical NR UE cannot be reached with RF envelope detection.

Proposal 5: Inform RAN1 that required NF can be concluded based on coverage target, which is expected to full coverage of the cell, and SNR where wake-up signal can be successfully detected. For reference, 9 dB NF and -1 dB SNR is used for typical NR UE in reference sensitivity test case, but typical NR UE also has 2 receivers. RAN1 should take into account in wake-up signal design that lower SNR will enable higher NF and therefore also lower power consumption. 9 dB noise figure would not be possible to reach at least with RF envelope detection.


Reply LS to RAN1

It may not be feasible to provide a comprehensive reply to RAN1 in this meeting. We expect that this will be more like iterative process where further RAN1 decisions will also help RAN4 to provide more accurate feedback to RAN1. There is no reason for RAN4 to wait that all answers are fully complete before sending anything to RAN1. In our view RAN1 work can benefit from early feedback from RAN4. 

RAN1 can make more intelligent design choices if they get feedback on the principles how signal design choices can either helpful or harmful from RF perspective. Therefore, it is suggested to provide feedback to RAN1 in multiple batches aligned with RAN4 progress instead of staying silent until all answers are fully complete. 

Observation 12: RAN1 work can benefit from early feedback from RAN4, including feedback on principles how signal design choices and help RF performance and likewise how better RF performance can help signal detection by enabling higher SINRs.

Proposal 6: Aim to provide feedback to RAN1 in multiple batches aligned with RAN4 progress instead of waiting until all answers are fully complete.


Conclusions

In this contribution RF aspects for low-power wake-up receiver were discussed. Following observations and proposals were made:

Observation 1: RF signal levels observed at antenna connector are similar for wake-up receiver and main receiver.
Observation 2: Without selectivity in the receiver, SINR can be very low due to adjacent subcarrier and adjacent channel interference.
Observation 3: In RF envelope detection there is little or no selectivity against adjacent channel interference and adjacent subcarrier interference.
Observation 4: RF envelope detector is not well-suited to support multiple operating bands. 
Observation 5: Heterodyne architecture with IF envelope detection can support multiple operating bands
Observation 6: While IF-filter can provide good selectivity against adjacent channels and even in-channel subcarriers which are not immediately adjacent to WUS, the selectivity may suffer if WUS location is flexible.
Observation 7: IF-filter size and cost and their impact to practicality of the WUR design may be prohibitive aspects and need to be considered in IF envelope detection feasibility.

Observation 8: zero-IF architecture can be also used for low-IF operation with very minor modifications.
Observation 9: Narrowband WUS in the middle of the RF channel enables baseband filter to provide the most suppression against unwanted signals, i.e. other subcarriers and adjacent channels.
Observation 10: RAN4 can provide analysis how guard band around wake up signal will impact SINR, but it is up to RAN1 to study how this impacts detection performance.  
Observation 11: Low power consumption needs to be balanced with negative impacts to performance.
Observation 12: RAN1 work can benefit from early feedback from RAN4, including feedback on principles how signal design choices and help RF performance and likewise how better RF performance can help signal detection by enabling higher SINRs.

Proposal 1: Average selectivity against adjacent subcarriers and/or adjacent channels as well as resulting SINR of the wanted signal at detector input can be used to evaluate and compare different RF architectures from selectivity perspective.
Proposal 2: Inform RAN1 that RF envelope detection does not provide sufficient selectivity against adjacent channel and adjacent subcarrier interference and it cannot support multiple operating bands with large frequency differences.
Proposal 3: Inform RAN1 that both IF and baseband envelope detection architectures benefit, i.e. they can provide more filtering towards unwanted signals, when there is no flexibility in the WUS location and WUS is placed in the middle of the RF channel.
Proposal 4: Inform RAN1 that especially baseband envelope detection benefits from more narrowband signal design. 
Proposal 5: Inform RAN1 that required NF can be concluded based on coverage target, which is expected to full coverage of the cell, and SNR where wake-up signal can be successfully detected. For reference, 9 dB NF and -1 dB SNR is used for typical NR UE in reference sensitivity test case, but typical NR UE also has 2 receivers. RAN1 should take into account in wake-up signal design that lower SNR will enable higher NF and therefore also lower power consumption. 9 dB noise figure would not be possible to reach at least with RF envelope detection.
Proposal 6: Aim to provide feedback to RAN1 in multiple batches aligned with RAN4 progress instead of waiting until all answers are fully complete.


References

[1]	RP-222644, Revised SID: Study on low-power Wake-up Signal and Receiver for NR, Vivo
[2]	R1-2212999, LS to RAN4 on low-power wake-up receiver architectures, RAN1
[3]	Power Consumption of Integrated Low-Power Receivers, IEEE Journal on emerging and selected topics in circuits and systems, Vol 4, No. 3, September 2014, Emil Nilsson and Christer Svensson
[4]	David D. Wentzloff, “Low Power Radio Survey,” [Online]. www.eecs.umich.edu/wics/low_power_radio_survey.html
image1.png
SNR degradation

SNR degradation from WUS not covering the full carrier BW

01

02 03 04 05 06 07 08
Ratio of WUS BW to carrier BW

09





image2.png
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3rd order Butterworth filters with different passband BW
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