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Introduction
At the RAN#94-e meeting, it was agreed to study Wake Up Signal and Receivers designs.  These designs are to be primarily targeted at delay and power-sensitive, small form-factor devices, such as industrial sensors, controllers and wearables.  Unlike previous power saving study items, the objectives for this study encompasses new signals and new receiver architectures. 

	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. 





In this contribution, we will discuss the agreements from RAN1#110bis-e. Our focus will be on the three proposed receiver types:

· Architecture with RF envelope detection 
· Hetrodyne architecture with IF envelope detection
· Zero-IF architecture with BB envelope detection

We use the agreed analysis objectives (see agreement below) to discuss further these three receiver architectures: 

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
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The design of the low power wakeup receiver is a trade-off between performance and power saving. This trade-off will vary depending on the use-case, hence we envisage multiple LP-WUR architectures being supported depending on the use-case.  
 
Observation 1:      The optimum LP-WUR architecture may vary depending on the use-case.  
 
Irrespective of the use case, the following factors will impact the design of the wake-up receiver and the trade-off between performance and power saving: 
  
1. WUS bit rate 
· The desired bit rate helps define the bandwidth and the number of NR symbols. The bitrate can either be fixed for all carriers or depending on the NR configuration, for the particular band. 
· Example:
1. A WUS signal could contain 40 bits and is transmitted within 4 NR symbols (for this example). For a Manchester encoded WUS, this requires a data rate of approximately 300Kbs for OFDM symbol with subcarrier spacing of 15KHz and a data rate of approximately 600Kbs for OFDM symbol with sub carrier spacing of 30KHz. 
2. This will require dynamic BW depending on the data rate/sub-carrier spacing and require a different sampling rate for the decoding. 
· An alternative, is that the bit rate, bandwidth and time duration are fixed for the WUS, i.e. independent of the sub-carrier spacing. This will increase complexity at gNB as the number of bits per NR symbol will change depending on the sub-carrier spacing. 


2. Coverage 
· The required coverage is highly use-case dependent and can greatly influence the LP-WUR architecture.  For example, a simpler low power architecture for the WUR can be chosen for use-cases with stationery devices, whereas for use cases with some degree of mobility, a more advanced LP-WUR would be preferred.  
 
3. Multi-band support 
· A device made for worldwide operation supporting multiple bands, can be expected to need to support LP-WUS functionality in different bands.  This will require a more advanced and also more power-hungry LP-WUR architectures. 
 
4. LP-WUS duration
· The LP-WUS duration needs to be investigated.  It would be preferable to aim to be less that a slot duration, e.g. 2-4 symbols, so as to minimise resource usage, interference and avoid the additional complexity incurred for attempting to support inter-slot and/or multiple transmission reception point (TRP) transmisions. This will indirectly affect the bit rate, bandwidth, required gain and receiver performance.
 
5. Stability – keep time and frequency tracking 
· For a LP-WUR operating in DRX mode it is essential to wake-up at correct time for WUS decoding. To be able to do this reliably, a robust synchronisation sequence/method is needed to handle the time drift.  

Based on afore discussion we make following observations and proposals:-

Observation 1:    To support simpler beam mapping the time duration of the WUS could be less than 1 time slot.

Observation 2:      Assuming a LP-WUS payload of 40 bits and LP-WUS symbol duration of 4 symbols, a target bitrate is in the range of 300-600 Kb/s depending on the modulation scheme.
 
Proposal 1:         The LP-WUS duration and bandwidth scale with different symbol and sub-carrier numerology.

Proposal 2:         RAN1 define a target LP-WUS symbol duration and bit rate for further architecture evaluations.
                   Note:  This should be aligned between the 3 agenda items

Proposal 3: 	The receiver gain/noise evaluation should be based on the required sensitivity  performance and coverage.


In the following sub-sections, the three LP-WUR architectures agreed for discussion in RAN1#110bis-e are evaluated based on the agreed evaluation objectives. 
RF Envelope Detection Receiver Architecture
The rf envelope detection receiver architecture is mainly aimed for single band usage, that is to say, bands within the bandwidth of the rf envelope detector. 
For further evaluation here, the following assumptions and observations for the receiver architecture are made:
· Modulation is assumed to be Manchester encoded MC-OOK.
· In order to support more than one band, the receiver is expected to use a wideband LNA and wideband RF envelope detector. This will set high requirements for the matched filter selectivity to have a good suppression of the NR OFDM signal within the same band as the LP-WUS. 
· The required gain of the LNA can be determined when the evaluation of the required SNR, bandwidth, coverageand selectivity has been completed.  
· The ADC is expected to be at least 1 bit ADC
· The WUS is assumed to have flexible location within a carrier.
· The degree of flexibility within a carrier is open for investigation.
· As the bandwidth of the WUS signal is expected to be scaled according the sub carrier spacing, the requirements for the match filter frequency selection will change accordingly. 
· This can lead to challenges due to the change in Q for different bandwidth configuration depending on the sub-carrier spacing.


 
Figure 1 Illustration of a OOK receiver architecture with RF envelope detector.
Observation 3:    For the RF Envelope Detection architecture to support LP-WUS on more than one carrier and with flexible positioning within a carrier, can be more challenging due to the need to support very high selectivity requirements for the (expected) wideband LNA and wideband RF envelope detector.

Proposal 4: 	The evaluation of the design of the matched filter for the RF Envelope Detection architecture, considers: 
· a bandwidth allocation that allows multiple carriers to be supported
· LP-WUS configured for different sub-carrier/symbol numerologies 
· different locations of LP-WUS within the carrier.

IF Envelope Detection Heterodyne Architecture
The IF envelope detection Heterodyne receiver architecture is aimed for multi band usage. This architecture allows for a  easy re-use of the main radio elements, such as the NR frontend, antennas, LNA and potentially also the mixer.
For further evaluation here, the following assumptions and observations for the this receiver architecture are made:
· Modulation assumed to be Manchester encoded MC-OOK.
· To support more than one band the receiver could to use a wideband LNA and wideband IF envelope detector. 
· This will require the IF filter  to provide good suppression of the NR OFDM signal within the same band as the WUS. 
· The required gain of the LNA can be determined when the evaluation of the required SNR, bandwidth, coverageand selectivity have been completed.  
· The ADC is expected to be at least 1 bit ADC. 
· The sample rate depends on the sub-carrier spacing, bandwidth and datarate.
· The WUS is assumed to have flexible location within a carrier. 
· The degree of flexibility within a carrier is open for investigation.
· As the bandwidth of the WUS signal is expected to be scaled according the the sub carrier spacing, the IF filter is expected to support different passbands, with one configuration for each sub-band spacing configuration. 
· To minimize the power consumption the receivier should exploit a duty cycle mode of operation. To ensure reliable time tracking, the LP-WUS, or periodic beacon style signal, could be present sufficiently often to avoid timing drift and loss of synchronization.



 
Figure 2 Illustration of the Heterodyne receiver architecture with IF Envelope detection
Observation 4:    The Heterodyne receiver based architecture can most easily support LP-WUS being configured on different carriers and in different positions within a carrier.
Observation 5:    The Heterodyne receiver based architecture can most easily reuse elements of the main radio architecture.
Observation 6:    To reduce the relatively higher power consumption of the Heterodyne receiver based architecture, a duty cycle mode of operation is beneficial, for which methods to maintain timing synchronisation can be useful.
Proposal 5:       The evaluation of the design of the Heterodyne architecture, considers: 
· The pros and cons of reusing elements of the main radio
· The challenges of supporting duty cycle operation

Zero-IF Receiver architecture
The Zero-IF receiver architecture is also aimed for multi band usage. This architecture can have a high degree re-use of the NR radio like frontend, antennas, LNA and optional also the mixer.
For further evaluation here, the following assumptions and observations for this receiver architecture are made:
· Modulation is assumed to be Manchester encoded MC-OOK.
· To support more than one band, the receiver could use a wideband LNA or more LNA supporting smaller frequency area. 
· The LF filter is expected to provide good suppression odf the NR OFDM signal within the same band as the WUS.
· The required gain of the LNA can be determined when the evaluation of the required SNR, bandwidth, mobility and selectivity have been completed.  
· The ADC is expected to be at least 1 bit ADC. 
· The WUS is assumed to have flexible location within a carrier. 
· The degree of flexibility within a carrier is open for investigation.
· As the bandwidth of the WUS signal is expected to be scaled according to the sub carrier spacing the LP filter will most likely be required to have different cut off frequencies, e.g. one configuration for each sub-band spacing configuration. 
· To minimize the current consumption the receiver should be enabled in duty cycle as the WUS signal. 
· The reference clock for the receiver could be a low precision clock with an accuracy of +/-50ppm. (Typical spec for the RTC 32KHz reference clock). To derive the required maximum accuracy of the reference clock – the guard band, and the required suppression of NR OFDM signal need to be defined.



  
Figure 3 Illustration of the Zero-if receiver architecture
Observation 7:  	The required accuracy of the reference clock is partly determined by the required guard band suppression characteristics.
Proposal 6:  	The evaluation of the design of the Zero-IF architecture, considers:
· The accuracy of the reference clock and it’s impact on the guard band.


FSK Receiver architecture considerations
The zero-IF receiver architecture is quite generic and can be used for MC-OOK or FSK. By applying a FM demodulator (the type of modulation can depend on the FSK type) after the LPfilter and before the ADC the zero-IF receiver architecture can be updated for FSK modulation.
When the bitrate has been agreed, the following characteristics of FSK modulation based receiver architectures should be investigated:
· The FSK demodulator type SNR performance given low bandwidth (eg restricted by RedCap devices)
· The requirements on the LO to maintain stability, accuracy and noise performance

Proposal 7:  	The evaluation of the design of FSK architectures, considers:
· The FSK demodulator type SNR performance given low bandwidth (eg restricted by RedCap devices)
· The requirements on the LO to maintain stability, accuracy and noise performance


Conclusion
In this document we have reviewed the 3 primary architectures identified at RAN1#110-bis-e, and our initial observations and proposals are listed below:
Observation 1:    To support simpler beam mapping the time duration of the WUS could be less than 1 time slot.

Observation 2:      Assuming a LP-WUS payload of 40 bits and LP-WUS symbol duration of 4 symbols, a target bitrate is in the range of 300-600 Kb/s depending on the modulation scheme.
 
Proposal 1:         The LP-WUS duration and bandwidth scale with different symbol and sub-carrier numerology.

Proposal 2:         RAN1 define a target LP-WUS symbol duration and bit rate for further architecture evaluations.
                   Note:  This should be aligned between the 3 agenda items

Proposal 3: 	The receiver gain/noise evaluation should be based on the required sensitivity  performance and coverage.

Observation 3:    For the RF Envelope Detection architecture to support LP-WUS on more than one carrier and with flexible positioning within a carrier, can be more challenging due to the need to support very high selectivity requirements for the (expected) wideband LNA and wideband RF envelope detector.

Proposal 4: 	The evaluation of the design of the matched filter for the RF Envelope Detection architecture, considers: 
· a bandwidth allocation that allows multiple carriers to be supported
· LP-WUS configured for different sub-carrier/symbol numerologies 
· different locations of LP-WUS within the carrier.

Observation 4:    The Heterodyne receiver based architecture can most easily support LP-WUS being configured on different carriers and in different positions within a carrier.
Observation 5:    The Heterodyne receiver based architecture can most easily reuse elements of the main radio architecture.
Observation 6:    To reduce the relatively higher power consumption of the Heterodyne receiver based architecture, a duty cycle mode of operation is beneficial, for which methods to maintain timing synchronisation can be useful.
Proposal 5:       The evaluation of the design of the Heterodyne architecture, considers: 
· The pros and cons of reusing elements of the main radio
· The challenges of supporting duty cycle operation

Observation 7:  	The required accuracy of the reference clock is partly determined by the required guard band suppression characteristics.
Proposal 6:  	The evaluation of the design of the Zero-IF architecture, considers:
· The accuracy of the reference clock and it’s impact on the guard band.

Proposal 7:  	The evaluation of the design of FSK architectures, considers:
· The FSK demodulator type SNR performance given low bandwidth (eg restricted by RedCap devices)
· The requirements on the LO to maintain stability, accuracy and noise performance

To progress this discussion further and begin to fairly quantify and compare the pros and cons of these architectures, we believe that RAN1 needs to make provisional decisions regarding key features of the LP-WUS signal, such as the bandwidth, payload, modulation scheme and desired flexibility.
Observation 8:    Further analysis of architecture, requires common agreements regarding aspects LP-WUS being considered in other agenda items, eg L1 signal design in 9.13.3.
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