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1 Introduction
Low power wakeup signal receiver (LP-WUR) architectures have obviously impacts on the design of low power wakeup signal (LP-WUS) and the corresponding procedures.
The SID of the LP-WUS can be found in [1].
	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. 


RAN1 #110bis-e made the following agreements on LP-WUS receiver architectures for further study analysis. There were three types of LP-WUS receiver architectures listed.
	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.


In RAN1#110bis-e, the details of the receiver and the performance metrics were listed. 
	Agreement
For the analysis of a receiver architecture, companies are encouraged to provide at least the following (when applicable):
· Details of the receiver 
· Receiver architecture type
· Assumed modulation/waveform/coding
· Presence of a RF LNA / IF AMP / BB AMP, and the corresponding gain, if any
· Local oscillator
· Type of oscillator and the corresponding frequency accuracy/drifting
· Handling of time/frequency impairments
· Presence of PLL or FLL
· ADC: sampling rate, bit-width
· Assumed signal bandwidth and guard band, and frequency location within a carrier (including whether it is fixed or can be flexible)
· RF/IF/BB filter characteristics (e.g. type of filter, order, cut-off frequency/frequencies), if any
· Baseband processing (e.g., sequence correlation detection / decoding, other signal processing, if any)
· Assumed frequency band(s) and the support of band and/or carrier tuning
· Duty cycle handling of WUS and other signals (if any)
· Interference rejection capability (including both adjacent-channel interference and interference from adjacent subcarriers occupied by legacy NR signals or other LP WUS)
· Handling of inter-cell interference
· Whether there is any mobility support function, e.g. measurement capability
· Performance metrics
· Power consumption during active monitoring/reception and during off state (and breakdown if possible)
· Noise figure
· Sensitivity/coverage
· Data rate
· FFS: other performance metrics for, e.g., cost/complexity, interference rejection capability and inter-cell interference handling
· Note: The performance and design of receiver architecture is expected to be dependent on WUS design. This list can be updated later when the discussion on WUS signal/procedure design (AI 9.13.3) starts.



In this contribution we mainly discuss on performance metric and the corresponding details of architectures.

2 Discussion on performance metrics
In our view, the performance metrics in the architectures can be regarded as the link level metric, and KPIs in evaluation methodology can be regarded as the system level metric. They have some overlaps.
2. The target coverage and sensitivity
If the target coverage is determined, the target sensitivity can be determined by exercise of link budget. Thus, the target coverage is to be determined.
The target coverage is widely discussed in RAN1#110bis-e, there are two main options for the target coverage, i.e. PDCCH and PUSCH. In general, these two targets have gap of about 10dB. We slightly prefer the target coverage is similar to that of PDCCH. The PDCCH is reliable and the similar coverage can make the LP-WUS more practical in real deployment.
Proposal 1: The target coverage can be similar to that of PDCCH.

2. The achievable sensitivity
Generally speaking, the sensitivity of any receiver PSEN,dBm can be calculated using the following equation:
PSEN(dBm) = −174(dBm/Hz) + NF + 10 log10(BWBB) + SNRmin
where NF is the noise figure of the receiver, BWBB is the baseband bandwidth, and SNRmin is the minimum signal-to-noise ratio (SNR) required for demodulation.
1. The required SNR
Lowering the required SNR makes sensitivity better. The required SNR means the SNR measured at a check point before RF, so both RF and baseband contribute to the required SNR.
For RF, to lower the required SNR, high performance hardware can be considered, e.g. high-gain LNA, high-precise mixer.
For baseband, to lower the required SNR, low order modulation (e.g. OOK) and low code rate (e.g. Manchester coding) can be chosen, but it will cause the large resource overhead. In the system evaluation, for a required SNR, companies should report the resource overhead. For evaluation of the resource overhead, the required miss detection rate (MDR) and false alarm rate (FAR) should be assumed. It is an essential tradeoff which was widely discussed in R17 PEI design.
1. The noise figure
Lowering the noise figure leads to better sensitivity. In general, the noise figure and the power consumption is a tradeoff. For instance, the noise figure of the LNA will dominate the receiver noise figure when its gain becomes sufficiently high, but the LNA with low noise figure will increase power consumption.
1. The baseband bandwidth
Reducing the baseband bandwidth can improve sensitivity. In general, for single-carrier waveform, the modulation symbol rate is proportional to the modulation symbol bandwidth at baseband. Thus, the low modulation symbol rate can reduce the baseband bandwidth for single-carrier waveform. It should be noted that for multi-carrier OOK (MC-OOK) at transmitter, it is still a single-carrier waveform at receiver.
The abovementioned impact factors for sensitivity are listed in the following table.
Table 1: The impact factors for sensitivity 
	
	The required SNR
	The noise figure
	The baseband bandwidth

	Good for sensitivity
	Low
	Low
	Low

	How to improve?
	RF: High performance hardware (e.g. LNA, mixer, filters, ADC)
Baseband: Low modulation order and low code rate
	High performance hardware
	Low modulation symbol rate

	Tradeoff
	Resource overhead to meet MDR/FAR requirement
Power consumption
	Power consumption
	Resource overhead for LP-WUS to carry the enough information
Power consumption

	Relation to sub-topic
	Architecture, LP-WUS design
	Architecture
	LP-WUS design


It can be observed that the better sensitivity may cause the larger power consumption and resource overhead.
Proposal 2: Study and discuss the tradeoff between the sensitivity and power consumption, and the tradeoff between the sensitivity and resource overhead.
It can be also observed that the required SNR is not only related to the architectures design (e.g. high performance hardware), but also related to LP-WUS design (e.g. baseband design). The LP-WUS design can provide the link level performance of baseband (e.g. BLER/MDR/FAR), and architectures design can provide the performance loss of RF (e.g. hardware impairment, additional noise/interference). The link level performance of baseband and the performance loss of RF can jointly offer a required SNR. It is also true of the baseband bandwidth.
In fact, low order modulation, low code rate and low modulation symbol rate can improve the sensitivity, and they are equal to low data rate. Thus, low data rate can be considered in LP-WUS design, if the sensitivity is not good enough.
Proposal 3: The required SNR and baseband bandwidth can be discussed both in the architectures design and the LP-WUS design.

2. Interference
In fact, the requirement SNR should be replaced by the required SINR in the equation, and interference item should be added in right of the equation. The larger interference leads to worse sensitivity. 
There are two typical types of interference. One is adjacent interference (including both adjacent-channel interference and interference from adjacent subcarriers occupied by legacy NR signals or other LP WUS), and another one is inter-cell interference. The adjacent interference can be mitigated by guard band and high quality filters. The inter-cell interference mainly relies on the interference randomizations.
Proposal 4: Study and discuss how to mitigate interference.

2. Transmission bandwidth at gNB
From the NR system perspective, the wide baseband bandwidth can improve the power level at transmitter if PSD is constant, which is general assumption at gNB, i.e. no power boosting. Therefore, if the bandwidth at gNB transmitter for the LP-WUS is wide, the coverage can be improved.
Proposal 5: Study and discuss the transmission bandwidth at gNB.

3 Discussion on details of architectures
We show the sensitivity achieved in some literatures, but it should be noted the impact factor for sensitivity (e.g. the required SINR, the noise figure and the baseband bandwidth) are assumed for non-NR system in the literatures and may be different across literatures. The reported values of sensitivity in the literatures are just for reference.
3. RF envelope detection
For this receiver architecture, RAN1#110bis-e has reached the following agreement.
	Agreement
Study the architecture with RF envelope detection based on at least the following diagram for LP-WUR.
· The RF signal is converted into baseband signal directly via an RF envelope detector.
· There is no Local Oscillator (LO) and no Phase-Locked Loop (PLL).
· 1-bit or multi-bit ADC is applied.
· Some component(s), e.g., RF LNA and/or BB AMP, can be optionally applied.
· High-Q matching network and/or RF BPF [and/or BB LPF] can be used to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· FFS the support of band and/or carrier tuning




0. The LNA
whether the LNA (RF) is used should be discussed. When the LNA is not applied, sensitivity of about -50 dBm as reported in [2]. When the LNA is applied, better sensitivity can be achieved.
Observation 1: Use of the LNA can improve the sensitivity for the RF envelop detection.
0. Other components
When the LNA is not applied, high-Q RF filters can significantly narrow the noise bandwidth, hence improve the sensitivity of 20~25db [3]. In this case, the sensitivity is higher than -80 dBm with the data rate lower than 1 kbps, and the sensitivity close to -80dBm also requires BB AMP and multi-bit ADC as reported in [4]. When the LNA is applied, in order to achieve a sensitivity lower than -100dBm, in addition to the LNA, BB AMP, multi-bit ADC and High-Q matching network are also required, so the power consumption is greatly increased [5][6]. 
Observation 2: In addition to the LNA, BB AMP, multi-bit ADC and High-Q matching network are also required to improve the sensitivity for the RF envelope detection.

3. IF envelope detection
For this architecture, RAN1# 110bis-e has reached the following agreement.
	Agreement
Study the heterodyne architecture with IF envelope detection based on at least the following diagram for LP-WUR.
· The RF signal is down converted into IF signal via an RF mixer with a LO. The IF signal is converted into baseband signal via an IF envelope detection.
· There may be one or multiple IF stages depending on design.
· The choice of the LO is one of the major factors that determines the power consumption.
· Lower power consumption can be achieved by relaxing the accuracy and stability requirements of the LO. However, such increased frequency offset and phase noise should be taken into account in the design and evaluation.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied.
· High-Q matching network and/or RF BPF and/or IF BPF [and/or BB LPF] can be used to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· Some component(s), e.g., RF LNA and/or IF AMP and/or BB AMP, can be optionally applied.
· Image rejection filter or an image rejection mixer is required.
· FFS the support of band and/or carrier tuning
· FFS the choice of IF frequency range




1. The LNA
Although LNA based IF envelop detection can improve the sensitivity [7-10], the power consumption will also increase, and may even reach the mW level.
Observation 3: The power consumption of LNA based IF envelop detection may reach the mw level.
1. The mixer
For this architecture, since the mixer can convert RF to IF, the image and noise can be effectively suppressed, and the sensitivity of the IF envelop detection is improved compared to the RF envelope detection.
Observation 4: Through the mixer, the sensitivity of the IF envelop detection is improved compared to the RF envelope detection.
Including PLL can make LO more stable, thus improving performance, but also increasing power consumption. FLL may be used instead of PLL. In literature [11], the sensitivity using FLL is about -72 dBm and the power consumption is 52 µW, including a high-Q matching network and an IF BPF. In the literature [12], the sensitivity of FLL based IF envelop detection is about -92 dbm, but the power consumption is increased to 667 µW. The reason is that the device adds a second-order IF filter, an interleaved dynamic amplifier, uses multi bit ADC.
Observation 5: FLL may be good balance for power consumption and sensitivity for IF based envelop detection.

3. Baseband envelope detection
For this architecture, RAN1#110bis-e has reached the following agreement.
	Agreement
Study the homodyne/zero-IF architecture with baseband envelope detection based on at least the following diagram for LP-WUR.
· The RF signal is directly down converted into baseband signal via an RF mixer with a LO. 
· Baseband envelope detection can be done either in analog domain or in digital domain depending on design, which is not explicitly shown in the diagram.
· The choice of the LO is one of the major factors that determines the power consumption.
· Lower power consumption can be achieved by relaxing the accuracy and stability requirements of the LO. However, such increased frequency offset and phase noise should be taken into account in the design and evaluation.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied.
· High-Q matching network and/or RF BPF and/or BB BPF [and/or BB LPF] can be used to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· No image rejection filter is required.
· Some component(s), e.g., RF LNA and/or BB AMP, can be optionally applied.
· FFS the support of band and/or carrier tuning



The difference between the zero-IF receiver and the IF receiver is the RF modulated signal is directly down converted to base band. Therefore, under this architecture, the following disadvantages affect the sensitivity: 
· The presence of a leakage signal, at the same frequency than the RF desired signal, from the local oscillator to the antenna.
· Flicker noise (l/f noise) which can saturate the demodulation chain, and decreases the sensitivity of the receiver. 
According to the research [13], the sensitivity of the zero-IF receiver is about -69dbm, and the rate can reach 100kbps, which needs to include LNA and LO. However, the sensitivity can be improved by similar schemes mentioned in the literature [14], including implementing PLL and increasing the number of filters, etc., but the energy consumption may be increased to the mw level.
Observation 6: A zero-IF architecture can achieve slightly lower sensitivity than an IF receiver at relatively low power consumption.

3. Summary
From above discussion on details of the architectures, the brief summary can be listed in the following table.
Table 2: Comparison among the three achitectures
	
	RF envelop detection
	IF envelop detection
	BB envelop detection

	Sensitivity
	Bad
	Good
	Medium

	Power consumption
	Low
	High
	Medium

	LNA
	Needed
	Needed
	Needed 

	Mixer
	None
	Needed, FLL
	Needed, FLL


We think RF envelope detection can be down prioritized.
Proposal 6: Consider to down prioritize RF envelope detection.

[bookmark: _Ref494215420][bookmark: _Ref502921678][bookmark: _Ref502921460]Conclusion
We have the following observations.
Observation 1: Use of the LNA can improve the sensitivity for the RF envelop detection.
Observation 2: In addition to the LNA, BB AMP, multi-bit ADC and High-Q matching network are also required to improve the sensitivity for the RF envelope detection.
Observation 3: The power consumption of LNA based IF envelop detection may reach the mw level.
Observation 4: Through the mixer, the sensitivity of the IF envelop detection is improved compared to the RF envelope detection.
Observation 5: FLL may be good balance for power consumption and sensitivity for IF based envelop detection.
Observation 6: A zero-IF architecture can achieve slightly lower sensitivity than an IF receiver at relatively low power consumption.

We have the following proposals.
Proposal 1: The target coverage can be similar to that of PDCCH.
Proposal 2: Study and discuss the tradeoff between the sensitivity and power consumption, and the tradeoff between the sensitivity and resource overhead.
Proposal 3: The required SNR and baseband bandwidth can be discussed both in the architectures design and the LP-WUS design.
Proposal 4: Study and discuss how to mitigate interference.
Proposal 5: Study and discuss the transmission bandwidth at gNB.
Proposal 6: Consider to down prioritize RF envelope detection.
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