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Introduction
In Rel-18, a study item was approved for low-power wake-up signal and receiver for NR (WID in RP-222644 [1]), and it 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. 



In this contribution, we focus on low-power wake-up receiver (LP WUR) architectures based on past agreements.
LP WUR architectures
ACS requirements
There have been some discussions on ACS requirements and how it may impact the WUR architecture and the power consumption. In the RAN4 reply LS [2], it is mentioned that RAN4 made the following agreement/assumption on ACS: “ACS values from current UE specifications are used as a starting point for discussion to evaluate LP-WUR performance”. RAN4 is studying further the potential relaxation for ACS requirements. But before RAN4 provides further guideline on ACS, RAN1 should follow this assumption in the study.
With the existing ACS requirements, the adjacent channel interference can be ~32 dB more than the wanted signal. Even though ACS is not a topic that is traditionally handled or discussed in RAN1, it is important that ACS is considered for this study, because it can have significant impact on the RF component design and the corresponding power consumption. Otherwise, if RAN1 simply ignores the ACS requirements, the analysis/observations/conclusions may not be realistic.
Taking the zero-IF architecture as an example, the ACS requirements may impact multiple components in a WUR:
· LNA 
· The ACS requirements put constraint on the linearity of LNA due to the strong interference level, which leads to higher power consumption.
· LO(/PLL)
· ACS requirements can impose more stringent requirements on the phase noise of the LO(/PLL). It would require a LO(/PLL) design that can achieve lower phase noise so that WUS can be detected properly even in the presence of strong ACI, which would lead to higher power consumption. 
· ADC
· For the zero-IF architecture, the signal after down-converting to baseband typically goes to the ADC after an analog BB LPF/BPF, but this analog filter usually has limited attenuation on adjacent channel interference, and the main interference suppression is done in digital BB. Therefore, the ADC needs to have very large dynamic range (potentially 50dB+) to convert the signal into digital domain, so that the strong interference can be suppressed by digital filtering. This can significantly increase the power consumption of ADC.
Similarly, for heterodyne architecture, the IF BPF needs to be able to handle such stringent ACS requirements, potentially requiring large area and/or extra power consumption.
Observation: ACS requirements may have significant impact on the RF components in the WUR (e.g. better linearity for LNA, lower phase noise for LO/PLL, larger dynamic range for ADC) and the corresponding power consumption.
Proposal 1: RAN1 assumes existing ACS requirements specified in RAN4 for the UE receiver should be satisfied by LP WUR in the study, until RAN4 provides further guideline.
Receiver architecture for OOK-3
The following multi-tone OOK option was agreed to be studied further, and here we discuss the corresponding architecture.
· Option OOK-3: Multi-tone single-bit OOK
· N SCs of LP-WUS is separated into L segments (L=2 on Figure) without guard-bands in-between segment, but possibly around
· OOK=1 means 1 sub-carrier (known by UE) of each segment is modulated, rest of SC is zero power (from base-band point of view)
· OOK=0 means all SCs in all segments are zero power (from base-band point of view)
· FFS architecture
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The architecture for multi-tone OOK-3 is somewhat different from that of the other OOK options, as it cannot rely on envelop detection within a contiguous bandwidth. In fact, its architecture is almost the same as the one for OFDM-based channels/signals, and the difference is in baseband processing. As shown Figure 1, the high level architecture is exactly the same the one for OFDM-based channels/signals using homodyne/zero-IF architecture, but the digital BB processing can be simpler (with the example diagram shown in Figure 1). The digital non-coherent detector represented here uses a set of M Goertzel filters [3] (M is the number of tones used for WUS), that allow to compute the DFT coefficients in specific frequency of interest, with lower complexity compared to FFT algorithm. The Goertzel processing used in the non-coherent detector does not require any relation to pow(2) number of samples, which also simplifies the processing compare to FFT based detectors. An example of such Goertzel filter based receiver is provided in the appendix. The frequency domain samples are then used to detect the signal, e.g., by comparing the combined energy across M tones with a threshold.
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Figure 1 Example receiver architecture for multi-tone OOK-3
Proposal 2: For Option OOK-3 (multi-tone single-bit OOK), study the receiver architectures based on the above diagram.
RF vs IF vs BB envelop detection
In RAN1#110bis-e, a few receiver architectures have been agreed to be studied further for LP WUR, which can be used at least for OOK or adapted for FSK.
Agreement
Study at least the following three types of receiver architectures for LP-WUR:
· Architecture with RF envelope detection 
· Heterodyne architecture with IF envelope detection
· Homodyne/zero-IF architecture with baseband envelope detection
· Note: The details of each type of receiver architecture are discussed separately.
· Note: Above receiver architectures are considered suitable for OOK modulation. Some of the architectures 
can be applicable for other modulations such as FSK.

For the 3 types of receiver architectures agreed to be studied, we think the architecture with RF envelope detection can be deprioritized.
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The following was agreed in RAN1#111:
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.

There are a few major drawbacks with this architecture:
· Difficulty to achieve good interference rejection performance
· In this architecture, the interference rejection can only be done through the high-Q matching network and/or RF BPF. Given that this is done at RF frequency, and the bandwidth of the bandpass filter corresponds to the bandwidth of the WUS itself, this would result in an extremely high Q. For example, if the carrier frequency is 4 GHz and the WUS bandwidth is 4 MHz, the Q factor is 1000.
· If we consider the ACS requirements, the adjacent channel interference can be 30dB+ stronger than the interested signal. This requires the filter to have very strong attenuation factor for the adjacent channels.
· Overall it would be either impractical to build such a high-Q filter or extremely expensive, and it requires off-chip components.
· Difficulty in the support of multiple bands or different carriers within a band
· Making the filter tunable on top of the high-Q requirements is even more challenging. This means that multiple filters may need to be built.
· The performance is very sensitive to the interference within the WUS bandwidth, e.g. inter-cell interference.
· Poor sensitivity compared to other receiver architectures
Due to these reasons, we propose to deprioritize the study based on this architecture even though it can achieve very low power consumption.
Proposal 3: De-prioritize the study on the architecture with RF envelope detection.
Comparing the heterodyne architecture and the homodyne/zero-IF architecture, a high-level comparison is summarized in Table 1.
	
	heterodyne architecture
	homodyne/zero-IF architecture

	Interference rejection
	IF BPF
	BB LPF/BPF

	Power consumption
	Relatively higher
	Relatively lower

	
	Image rejection needed
	Flicker (1/f) noise

	Tunable band/carrier
	Achieved by tunable LO. There could be multiple LOs to cover different frequency bands to achieve lower power consumption.


Power Consumption of the Homodyne/Zero-IF Architecture
For the WUS candidates (OOK/FSK/OFDM-based signals) under study so far, homodyne/zero-IF architecture is considered as an important one, and one of the reasons is that it is been used in most of the main receiver design. In this section, we discuss various factors that affect the power consumption of the main RF components, and many aspects are common for all the WUS candidates.
The most power consuming RF components include LNA, LO(/PLL) and ADC.
· For LNA, it is essentially a tradeoff between power consumption, gain, noise figure and linearity (IP3).
· When LNA is present, it is the dominating factor for the noise figure. If linearity is not a concern, LNA can achieve quite low power consumption while still having reasonable gain and noise figure.
· The linearity requirements are mainly driven by the ACS/blocker requirements and the required SINR.
· For WUR, the required SINR is much lower than the required SINR for data channel (up to 1024QAM), so the linearity requirements can be significantly relaxed compared to the main radio, which allows lower power consumption.
· But ACS/block requirements still need to be considered.
· For LO,
· Different options are being discussed, including the cases without PLL/FLL, with FLL, and with PLL.
· PLL is expected to be needed for OFDM-based signals and OOK-3, to ensure sufficient frequency synchronization accuracy.
· The main concern about PLL is that it can be power consuming, even though it provides the best frequency stability. However, the PLL design is driven to a large extent by the phase noise requirements, which is also related to the ACS/blocker requirements and the required SINR. The lower required SINR can allow lower power consumption.
· OOK-based signal (except for OOK-3) may not require tight frequency synchronization. The required level of frequency stability and how it affects the receiver power consumption needs to be studied.
· For ADC,
· The power consumption mainly depends on the sampling rate, the dynamic range to be supported and the required noise level.
· The dynamic range needs to be sufficiently large to handle the ACS, as discussed earlier.
· The sampling rate may need to be sufficiently high to handle the ACS, especially if WUS is on the edge of the channel bandwidth and ACS is right next to it. This issue can be largely alleviated if WUS is located in the middle of the channel with guard band on both sides.
· The sampling rate can also be different depending on the WUS candidate. OOK-based WUS may require lower sampling rate, while OFDM-based signal would require higher sampling rate.
· As an example, it was shown in [4] that a power consumption of 45uW can be achieved for a 10-bit ADC with 8MHz sampling rate.
On baseband processing with OFDM-based signal, separate circuits can be dedicated to WUR, which would allow the optimization on power consumption. 
Overall for OFDM-based WUS signal, our preliminary analysis indicates that it should be possible to achieve up to 90% power reduction compared to MR, with the cost of up to 20dB increase in noise figure. If we assume the main radio consumes a relative power unit of 50 for PDCCH reception, it should be possible to achieve 5 or less for LP WUR. How much lower it can go still requires further investigation.
From the literature, there are only a few papers that provide some hint on the possibility of building low-power OFDM-based receivers for our purpose here. The most relevant ones are [5] and [6]. Both of them are for NB-IoT, meaning the bandwidth is 180 kHz. In [5], a full NB-IoT transceiver is built, with the power consumption of 11.8 mW for receiving. In [6], a NB-IoT WUR based on the standardized NWUS is presented, and the RF FE consumes 2.1 mW, and BB processing is expected to add some additional power consumption (but may not be significant due to simple processing of NWUS). These papers present at least the possibility of achieving the power consumption of ~10 mW or less with OFDM-based receiver.
	
	[3] NB-IoT
	[4] NB-IoT WUR

	Frequency
	450 – 2200 MHz
	750 - 960 MHz

	Power consumption
	11.8 mW for receiving
	2.1 mW (RF only, BB not considered)

	Sensitivity
	-140 dBm NRSRP, 164 dB max coupling loss
	-109 dBm (no repetition)

	
	55 nm CMOS RF-SoC
	28 nm CMOS

	
	-15 dBm out-of-band blocker @85MHz away
a 10b noise shaping SAR ADC
	PLL with a phase noise of -111 dBc/Hz @ 1MHz offset
No off-chip SAW filter



Observation: For the receiver architecture for OFDM-based signals/channels, it should be possible to reduce the power by ~90% compared to the main radio. Further power reduction is being investigated.

Conclusion
In this contribution, we have discussed LP WUR architectures, and have the following proposals:
Observation 1: ACS requirements may have significant impact on the RF components in the WUR (e.g. better linearity for LNA, lower phase noise for LO/PLL, larger dynamic range for ADC) and the corresponding power consumption.
Proposal 1: RAN1 assumes existing ACS requirements specified in RAN4 for the UE receiver should be satisfied by LP WUR in the study, until RAN4 provides further guideline.
Proposal 2: For Option OOK-3 (multi-tone single-bit OOK), study the receiver architectures based on the following diagram.
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Proposal 3: De-prioritize the study on the architecture with RF envelope detection.
Observation 2: For the receiver architecture for OFDM-based signals/channels, it should be possible to reduce the power by ~90% compared to the main radio. Further power reduction is being investigated.
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Appendix
Example of a 3-tone Goertzel receiver
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