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Introduction
[bookmark: _Hlk66110521]In RAN1#110bis-e, three types of receiver architectures have been agreed. Some targets for the analysis of a receiver architecture have been discussed. The endorsed agreements are provided in the appendix for reference. 
This contribution provides our views on LP-WUR architectures and simulation considerations. 
LP-WUR Architectures
In RAN1#110b-e, companies agreed to study the homodyne/zero-IF architecture. The endorsed agreement is below.
	Agreement in RAN1#110b-e
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
· 


One remaining issue is whether this architecture can support band or carrier tuning. 
Reference designs are reported in [2] and [3]. Both designs have voltage-controlled oscillators (VCO) that support frequency turning and low-pass filters (LPF)  that can apply to different bands or carriers. Given the frequency response of the antenna and matching circuit is typically wide enough to cover multiple frequency bands,  it is feasible to support band or carrier tuning based on their current designs. 
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Figure 1: A reference design for WIFI WUR [3]
[bookmark: _Toc118660780]The homodyne/zero-IF architecture with baseband envelope detection can support band or carrier tuning based on a voltage-controlled oscillator.

0. Simulation Consideration
The zero-IF architecture applies low-complexity devices that impact receiver sensitivity and data rate. We list some main components in the following table.
Table 1: Evaluation considerations for low-power consumption devices
	Devices
	Implementation considerations
	Evaluation considerations

	RF
	Passive mixer
	Not using I/Q, the real-number signal only

	
	Low complexity LO
	Carrier frequency offset. Oscillator inaccuracy probably up to 200 ppm

	
	Low complexity LPF
	ACI suppression. Filter order probably up to 2 – 3 

	
	N-bit ADC
	Quantization errors. N effectively up to 4 - 6 bits (at a sample rate of signal BW)


We simplify the above consideration into the following baseband model, which can determine the required SNR value and evaluate LP WUR/WUS robustness, including MDR and FAR performance. 
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Figure 2: general baseband model for LP-WUR LLS evaluation
	Name
	Definition
	Reference 

	3GPP channel
	TDL-C, NLOS
	TR 38.875

	Intra-cell Interference
	NR data is sent with LP-WUS in the frequency domain. The interference power level depends on the guard band and LPF.
	R1-1902940
R1-2109954

	Inter-cell interference
	An interference cell shares the same RE with LP-WUS. Interference power level = 10.45 dB (for a single interfering cell).
	TR 38.833

	Low-pass Filter
	Use a 2nd order Butterworth low-pass filter with a cutoff frequency of approximately 2.5 MHz
	IEEE 802.11-17/0188r10

	Carrier frequency offset
	The tx oscillator has an inaccuracy of 20ppm, and the Rx oscillator has an inaccuracy of 180ppm. The total frequency offset is 200 ppm.
	IEEE 802.11-17/0188r10


[bookmark: _Toc118660781]Consider a general baseband model for LP-WUR LLS evaluation, including LPF, envelop detector, and sequence correlator. 

Conclusion
In this contribution, we have the following observations and proposals.
Proposal 1	The homodyne/zero-IF architecture with baseband envelope detection can support band or carrier tuning based on a voltage-controlled oscillator.
Proposal 2	Consider a general baseband model for LP-WUR LLS evaluation, including LPF, envelop detector, and sequence correlator.
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Appendix
Agreements
RAN1#110bis-e
Conclusion in RAN1#110b-e
RAN1 does not intend to mandate the implementation of any specific type(s) of LP WUR architecture at the UE.
· Note: this does not prevent RAN4 from defining requirements for LP WUR in the normative phase.
 
Agreement in RAN1#110b-e
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.
 
Agreement in RAN1#110b-e
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
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Agreement in RAN1#110b-e
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
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Agreement in RAN1#110b-e
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
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Agreement in RAN1#110b-e
Further study the receiver architectures for FSK, with two examples shown below:
· Example 1: parallel OOK receivers and a comparator circuit, e.g.,
 
[image: Diagram

Description automatically generated]
 
· Each path can be implemented using either of [the architecture with RF envelope detection,] heterodyne architecture with IF envelope detection, or homodyne/zero-IF architecture with baseband envelope detection.
· Example 2: using an FM-to-AM detector [or an FM detector]
· Alt 1: Use an analog FM-to-AM detector with a similar architecture as for OOK (e.g. heterodyne or zero-IF architecture), except that the envelope detector is replaced by a FM-to-AM detector.
· Analog FM-to-AM detector can be implemented at least in BB or low-IF.
 
[image: ]
 
· Alt 2: Use a FM-to-AM detector [or an FM detector] implemented in digital domain after ADC, with a heterodyne or zero-IF architecture.
· Digital FM-to-AM detector implementation can be considered as part of digital baseband processing.
· Here is an example of using zero-IF architecture: 
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· The FM-AM detector can be implemented using a frequency discriminator, which converts frequency variations into amplitude changes. It can be implemented in either analog domain (as in Alt 1) or digital domain (as in Alt 2).
· One example, as shown in the figure below, is a conventional quadrature FM discriminator. It multiplies received frequency modulated signal with a phase shifted version, followed by a low pass filter. The amplitude of the output signal is proportional to the frequency of the input signal.
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· Note: Other architectures are not precluded.
 
Agreement in RAN1#110b-e
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, cutoff 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.
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