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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
The RF envelope detection architecture will not apply to every cellular use cases. However, it is well suited for low to medium sensitivity receiver applications. The incremental effort required to study and define the requirements for this architecture is minimal. It is also not advisable to mandate a particular architecture since there are scenarios where it could be relevant. This decision is better left to implementation.

This architecture is highly tolerant of frequency errors and only requires coarse timing data. So, the UE can technically be not synchronized with the gNB and still be capable of detecting a low-power signal transmission.

High-Q filters are indeed a must not just for this architecture but are required for both heterodyne and zero-IF receivers. The single band limitation associated with the RF envelope architecture can be addressed with the use of multiple front-end bandpass filters.

A lower power consumption remains the principal advantage of using the RF envelope. It 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. It is better suited for low-cost IoT (sensor) applications where battery life or energy harvesting capabilities are critical. In [7], a near-zero energy downlink air interface is discussed along with an analytical framework for estimating associated network resource overhead. 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 [8] and [9] below. An increase in power consumption from these very low levels to hundreds of nanowatts, combined with passive front-end MEMS resonator gain will translate into a receiver with acceptable performance for those near-zero energy applications.

The addition of an optional low noise amplifier (LNA) stage, as shown in Fig.1, can further improve sensitivity at the cost of a modest increase in power consumption.
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Figure 1 LP-Receiver architecture with RF envelope detection

[bookmark: OB3]Observation 1  The RF envelope detection receiver architecture with the lowest power consumption of all the receiver considered, its high tolerance of frequency errors, its ability to support multiple bands at the expense of additional high-Q filters, can be the architecture of choice for those special uses cases discussed above.
Proposal 1  Consider the RF envelope detection receiver architecture for further study

Observation 2  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.
Proposal 2  Consider relative power consumption of the RF envelope as 0.002.

Heterodyne architecture with IF envelope detection
The power consumption of the heterodyne receiver architecture is much higher than the previous RF envelope detector. This increase is in large part due to the local oscillator stage. Duty-cycling may help reduce power consumption at the cost of higher latency. Also, the trade-off between time spent on frequency tracking and power consumption, should be considered.
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. The receiver IF filter bandwidth should be increase accordingly to accommodate the frequency drift associated with the less stable oscillator circuit. The IF filter also provides image frequency rejection for this receiver architecture. IF operation usually requires off-chip components which can be a hindrance for integration.
Similarly, adding a low noise amplifier (LNA) stage can improve sensitivity at the cost of a small increase in power consumption.

In [4], a dual-IF wake-up receiver OOK modulated and centered at 2.4GHz achieved -97dBm of sensitivity with an average power consumption of 100μW. In another example, a receiver-based frequency locked loop is shown in [4] achieving a sensitivity of -83 dBm at 227 μW.



Figure 2 LP-Heterodyne receiver architecture with IF envelope detection

Observation 3  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.
Proposal 3  Consider relative power consumption of the Heterodyne with IF envelope detection receiver as 0.2.

[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

Observation 4  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 reported for this architecture are similar to the heterodyne above.
Proposal 4  Consider relative power consumption of the Heterodyne with IF envelope detection receiver as 0.2.

Architecture for OFDMA based signals
In RAN1#112 [6], 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. However, it is not clear what would be performance impact from the power reduction and how much power reduction can be achieved from the lower performance components. Given the situation, relative power for the receiver for the architecture for OFDMA based signals can be assumed as 1 unless detailed power consumption and corresponding performance degradation are specified. 

Observation 5  Performance impact from power reduction and degree of power reduction by utilizing lower performance components in the OFDMA receiver is not clear.
Proposal 5  Consider relative power consumption of the OFDMA receiver as 1 unless detailed power consumption and corresponding performance degradation are specified.

Receiver Architecture for OOK-3
Study of the receiver architecture for OOK-3 based on the following example diagram:
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This receiver architecture is based on Goertzel filters for digital baseband processing, with lower complexity compared to FFT. The filter calculates tone energy for a few tones then, the WUS signal can be detected. This architecture also requires the added cost and complexity of a quadrature demodulator.
The zero-IF, heterodyne and RF envelope receiver architectures can be used to detect other OOK signals with potentially better performance, such as OOK-1 and OOK-4.
Since, OOK-3 performance maybe lower than other OOK waveforms, it may not be necessary to consider this receiver architecture. Consequently, the OOK-3 receiver architecture should be considered for de-prioritization.
Observation 6  The OOK-3 receiver architecture requires special (Goertzel) filters and the added cost of a quadrature demodulator. Its performance may also be lower than other OOK waveforms.
Proposal 6  Consider deprioritizing the OOK-3 receiver.

Summary
In this contribution, we provide our views on performance metrics associated with power consumption 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 with the lowest power consumption of all the receiver considered, its high tolerance of frequency errors, its ability to support multiple bands at the expense of additional high-Q filters, can be the architecture of choice for those special uses cases discussed above.
Observation 2  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.
Observation 3  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.
Observation 4  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 reported for this architecture are similar to the heterodyne above.
Observation 5  Performance impact from power reduction and degree of power reduction by utilizing lower performance components in the OFDMA receiver is not clear.
Observation 6  The OOK-3 receiver architecture requires special (Goertzel) filters and the added cost of a quadrature demodulator. Its performance may also be lower than other OOK waveforms.

Proposal 1  Consider the RF envelope detection receiver architecture for further study
Proposal 2  Consider relative power consumption of the RF envelope as 0.002.
Proposal 3  Consider relative power consumption of the Heterodyne with IF envelope detection receiver as 0.2.
Proposal 4  Consider relative power consumption of the Heterodyne with IF envelope detection receiver as 0.2.
Proposal 5  Consider relative power consumption of the OFDMA receiver as 1 unless detailed power consumption and corresponding performance degradation are specified.
Proposal 6  Consider deprioritizing the OOK-3 receiver.
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