[bookmark: _Hlk47516216][bookmark: _Hlk53437339][bookmark: _Hlk83761920][bookmark: _Hlk114651191][bookmark: _Hlk4231204][bookmark: _Ref513464071]3GPP TSG RAN WG1 #114			R1-2306692
Toulouse, France, August 21st – August 25th, 2023

Agenda Item:	9.11.2
Source:	InterDigital, Inc.
Title:	Discussion on LP-WUS receiver architectures
Document for:	Discussion and Decision
[bookmark: _Hlk102058846]Introduction
In RAN#94-e [1], the study item for LP-WUS has been approved for NR. This contribution continues the discussion on LP-WUS receiver architecture. We present power consumption and performance metrics for various LP-WUR receiver architectures along with the main pros and cons associated with each one. We provide some references from the current literature.
Discussions
Architecture with RF envelop detection
As was discussed in R1-2304442 [2], the RF envelope detection architecture is well suited for low to medium sensitivity receiver applications. It is highly tolerant of frequency errors and does not require the power-hungry stages needed to provide a stable reference such as local oscillator, frequency lock loop (FLL) or phase-lock-loop (PLL). 

This power saving comes at the expense of poor receiver selectivity and sensitivity, amongst other performance metrics. Several innovations in RF-CMOS circuit design and fabrication along with progress in MEMS device technology continue to help push down the minimum power consumption level needed for basic circuit operation, as shown in [3] and [4].

Using a MEMs resonator to increase passive front-end gain can help improve receiver sensitivity and consequently, reduce noise figure for those near-zero energy applications. An optional low noise amplifier (LNA) stage, as shown in Fig.1, can further improve sensitivity with a small increase in power consumption.




[bookmark: _Ref126865300][bookmark: _Ref126864626]Figure 1 LP-Receiver architecture with RF envelope detection
With the nonlinear operation of envelope detectors (EDs), it is difficult to analyze their receiver noise performance and predict sensitivity. However, with a combination of circuit and system level noise modeling in an envelope detection receiver, [5] sensitivity values are adequately determined and optimized. 
For example, using a synchronized-switching envelope detection receiver to suppress the baseband 1/f noise, [6] reported a noise figure of 17dB.
[bookmark: OB3]
Observation 1  The RF envelope detection receiver architecture is suitable for single-band applications where battery life is critical (sub-μW power consumption) and, yet limited sensitivity and selectivity are acceptable. Current sub-μW receiver sensitivity levels are at -80dBm or above and noise figure levels of 17dB to 22dB are achievable.
Proposal 1  Consider relative power consumption of the RF envelope as 0.01 with a noise figure between 17dB and 22dB.

Heterodyne architecture with IF envelope detection
Due in large part to a local oscillator and IF amplifier stage, the power consumption of the heterodyne receiver architecture is much higher than the previous RF envelope detector. Replacing the typical LC oscillator with a less accurate and stable ring oscillator can reduce the LO power consumption by up to an order of magnitude. Similarly, adding a low noise amplifier (LNA) stage can improve sensitivity.

The trade-off between power consumption and receiver performance is well understood. The presence of multiple amplification stages in the heterodyne receiver combined with multiple filters provide better sensitivity and selectivity resulting in a much lower noise figure for this architecture. Typically, the first LNA and mixer stages tend to dominate the receiver noise performance.




Figure 2 LP-Heterodyne receiver architecture with IF envelope detection

Observation 2  Using a low-power ring oscillator for the heterodyne receiver can significantly reduce the LO stage power consumption at the cost of an increase in frequency error/offset. Typical power consumption reported for this architecture ranges from 100’s of μW to a few mW. Noise figure levels ranging from 10dB to 15dB are attainable.
Proposal 2  Consider relative power consumption of the Heterodyne with IF envelope detection receiver as 0.5 with a noise figure between 10dB and 15dB.

[bookmark: _Hlk131684651]Zero-IF architecture with baseband envelope detection
DC-offset and Flicker noise pose a challenge for signal detection in zero-IF receivers by reducing dynamic range and adding distortion. However, image rejection is not a concern for this architecture. High-order baseband filters provide most of the channel selectivity for this direct down-conversion receiver. 
Again, replacing the typical LC oscillator with a less accurate and stable ring oscillator can reduce the LO power consumption by up to an order of magnitude.
Power consumption for the zero-IF architecture may be slightly less than the heterodyne.

Finally, adding the optional low noise amplifier (LNA) stage can improve sensitivity at the cost of a small increase in power consumption.




Figure 3 LP-Zero-IF receiver architecture with baseband envelope detection
Unlike the heterodyne receiver, the Zero-IF lacks the filtering benefit of an IF stage. However, thanks to higher order baseband filters, it still provides better sensitivity and selectivity than the RF envelope receiver, with numbers comparable to the heterodyne architecture. Similarly, the first LNA and mixer stages tend to dominate the receiver noise performance.

Observation 3  The zero-IF architecture has a lower component count than the heterodyne but is susceptible to DC-offset and flicker noise. Low-cost and power efficient solutions should be considered. Typical power consumption and noise figure reported for this architecture are similar to the heterodyne above.
Proposal 3  Consider relative power consumption of the Heterodyne with IF envelope detection receiver as 0.5 with a noise figure between 10dB and 15dB.

Architecture for OFDMA based signals
In RAN1#112 [7], a receiver architecture for OFDMA based signals was agreed. 
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Figure 4 LP-Zero-IF receiver architecture with baseband envelope detection
During the discussion, it was proposed that there could be some potential power reduction could be achieved from utilizing lower performance components such as lower performance amplifier, oscillator, and reduced BB processing complexity when UE is equipped with a separate receiver from an OFDMA receiver for MR. 

Considering that most of the receiver power consumption comes from the LNA and LO/PLL stages, low accuracy hardware modules can be used to reduce the power consumption of the OFDMA-based receiver architecture.

Indeed, the LNA, PLL, LO and ADC are responsible for most of the power consumption in the receiver. Since the noise figure is largely dominated by the LNA stage when one is present, it is possible to trade-off linearity for low-power operation and maintain an acceptable noise figure level.

Even though, it can achieve better frequency stability than a FLL, the PLL/LO is one of the principal power consuming devices in the receiver. Similarly, a trade-off between power consumption and phase noise, due to the lower SINR requirements, can be implemented.


Observation 4  The overall performance impact from power reduction can be mitigated by keeping the degree of power reduction relatively small, resulting in higher power consumption for the OFDMA receiver relative to the previously discussed architectures.
Proposal 4  Consider relative power consumption of the OFDM receiver with zero-IF as at least 10 with a noise figure between 7dB and 12dB.

Summary
In this contribution, we provide our views on performance metrics associated with power consumption and noise figure for the three main receiver architectures, such as, RF envelope detection, heterodyne and zero-IF. Those observations along with our proposal are listed below:
Observation 1  The RF envelope detection receiver architecture is suitable for single-band applications where battery life is critical (sub-μW power consumption) and, yet limited sensitivity and selectivity are acceptable. Current sub-μW receiver sensitivity levels are at -80dBm or above and noise figure levels of 17dB to 22dB are achievable.
Observation 2  Using a low-power ring oscillator for the heterodyne receiver can significantly reduce the LO stage power consumption at the cost of an increase in frequency error/offset. Typical power consumption reported for this architecture ranges from 100’s of μW to a few mW. Noise figure levels ranging from 10dB to 15dB are attainable.
Observation 3  The zero-IF architecture has a lower component count than the heterodyne but is susceptible to DC-offset and flicker noise. Low-cost and power efficient solutions should be considered. Typical power consumption and noise figure reported for this architecture are similar to the heterodyne above.

Observation 4  The overall performance impact from power reduction can be mitigated by keeping the degree of power reduction relatively small, resulting in higher power consumption for the OFDMA receiver relative to the previously discussed architectures.

Proposal 1  Consider relative power consumption of the RF envelope as 0.01 with a noise figure between 17dB and 22dB.
Proposal 2  Consider relative power consumption of the Heterodyne with IF envelope detection receiver as 0.5 with a noise figure between 10dB and 15dB.
Proposal 3  Consider relative power consumption of the Heterodyne with IF envelope detection receiver as 0.5 with a noise figure between 10dB and 15dB.
Proposal 4  Consider relative power consumption of the OFDM receiver with zero-IF as at least 10 with a noise figure between 7dB and 12dB.
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