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1.      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 discuss the design of the wake-up receiver architecture.


2.       Discussion
2.1       Overview of UE WUR architectures                                 
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 Modulation type.
· The modulation type sets LP-WUR design requirements for the:
· frequency and phase accuracy 
· state-machine 
· (optionally) sampling frequency and resolution.
· The guard band between 5G signals/channels and the LP-WUS, should be designed together to avoid interference in the system given the achievable frequency accuracy/tolerance of the devices.  

2. Coverage
· The required coverage is highly use-case dependant and can greatly influence the LP-WUR architecture.  For example,  a simple low power architecture for the WUR can be chosen for use-cases with stationery devices in good coverage, whereas for use cases with some degree of mobility, a more advanced WUR would be preferred. 

3. Multi-band support
· A device made for worldwide operation supporting multiple bands as well as other RAT technologies supporting LP-WUS functionality in different bands, can be expected to require a more advanced and also more power-hungry LP-WUR architecture.

4. Bandwidth 
· The LP-WUS will likely have a small bandwidth. This can give rise to decoding performance issues in fading channels.

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. 

In the following sub-sections, two LP-WUR architectures are discussed. The first section describes a potential architecture for devices with some degree of mobility and multiband support. The second section describes a reduced gain architecture with multiband support intended for use-cases where devices are largely stationary.  Both these two WUR architectures are discussed with a focus on the analog RF section. The digital decoding section will not be touched as this is highly dependent on the wake-up signal modulation type (or types).   Then there are two sections, covering considerations for the LP-WUR architecture reference oscillator and noise figure. 


[bookmark: _Ref115178007]2.2         Multi-band architecture based on existing main radio                        
A LP-WUR with support for multiple bands, large coverage area (i.e. similar coverage to other 5G  signals/channels), level tracking/gain control and maybe even diversity, is illustrated in Figure 1. 




[bookmark: _Ref113636389]Figure 1:    Example of a multi band low-power wake-up receiver architecture
The multi-band wake-up receiver supports all bands supported by the 5G UE and potentially other bands for other RATs (2G, 3G, LTE and more).  A LP-WUR architecture can be easily designed to re-use these major parts of the main 5G receiver. This means that the power consumption for the RF section of the 5G main radio and the LP-WUR can be expected to be the same if all modules are enabled and activated in the same mode.   It also means that the limitations of the 5G main radio RF part, most likely extend to the LP-WUR, e.g. potentially just 1 receiver chain for RedCap devices.
 
Table 1: Example of Main Radio Component Power Consumption

In Table 1 above, examples of the power consumption for the main components are provided for a LP-WUR architecture based on the existing main radio design. The power consumption estimates are based on standalone components available on the market. The same components can be optimised in terms of power consumption by integration into a chipset and optimised for the various band, gain, frequency, settling times etc. Various aspects of the main components of this main radio based LP-WUR architecture are highlighted below.

· The 5G main radio RF frontend and antennas can be reused (shared HW block). This will give the WUR support for all supported 5G bands. 
· One power save option for the LP-WUR with respect to the 5G main radio fronted section is to have the diversity path disabled. 
· The LNA will only be enabled as single receiver path and the diversity path will be kept in off state – compared to the main receiver usages. This will reduce the power consumption for the LNA section with x2 – compared with main radio functionality.  
· The mixer section will as the LNA section only need support for one RX path. This would also imply that the current consumption will be in the range of x2 less than for the main radio.
· The BB amplifier section should again only support on RX path. This will also give x2 in power saving.
· The reference clock section could be identical to the section used for the main radio – where a high precision XO is used as reference– or as chosen here – to use the RTC clock as reference to the RF synthesiser. This will give a large saving with respect the power consumption but will have other impacts to performance described in section 2.4.
· The ADC (if ADC is needed) will have a much lower sample frequency than needed for 5G main radio functionality. As the ADC is only intended to be used for level estimation, a shaping filter can be applied in front of the ADC thereby reducing the required sample frequency by x100 times compared to the 5G main radio. This will yield a power saving in the range of x1000 compared to its main radio operation mode.
The state machine (Not mentioned in the table) is assumed to be HW implemented and is executed with a relatively slow clock and will have a power consumption significantly smaller than the BB processing of 5G data, possibly less than 1 mA. 

In summary,  a main radio derived LP-WUR architecture power consumption, can be estimated to be in the range of 0.1-0.25 compared to 5G main radio, given the above-mentioned assumptions.       

Observation 2:   	For a LP-WUR architecture that reuses the main radio 5G RF section but with diversity disabled, the “ON” power consumption can be expected to be in the range of 0.1-0.25 of the 5G main radio.
The major differences in power consumption come from the LP-WUR baseband functionality where the decoding of the LP-WUS is expected to be handled by either a state machine or a low power/ low clock microprocessor. The usage of LNA to provide additional amplification of the signal, depends on the LP-WUS modulation scheme and sensitivity requirements.  As illustrated in Figure 1, a LP-WUR architecture could use an envelope detector, assuming that the modulation of the WUS signal is a relatively simple scheme like OOK/ MC-OOK or FSK. 
Pros for this receiver architecture:
· High degree of potential reuse of existing 5G receiver modules. 
· Full reuse of antenna and frontend module
· Simple chip integration along with the 5G RF chip.
· Reuse of ADCs, but running in a low clock mode to reduce power consumption 10x – 100x
· High sensitivity due to high Gain (LNA + additional amplification)
· ADC can be used for level detection and for more complex data reception/ processing in the Baseband section
· Neighbour cell search in multiband is possible with this WUR architecture. 

Cons for this receiver architecture:
· “Always on” is not an option due to the potential high current consumption.
· Complex scheduling – with re-programming of RF components like the frequency synthesiser. 
· Re-programming the synthesis can take a long time due to the power-saving low clock of the state-machine. This can extend the power-on time for the WUR. As an alternative, the frequency synthesiser could retain the previous programming in shadow memory and restore on power on for fast power on timing of the WUR.    
· Time and frequency tracking might be needed.
· A Time and frequency tracking algorithm needs to be included in the baseband section, which adds additional processing complexity.
· Gain control (if a large coverage area is needed)
· AGC algorithm is needed which requires additional processing power in the baseband / state machine 


Observation 3:   	For a LP-WUR architecture that reuses the main radio 5G RF section, the power consumption of the LP-WUS detection cycle can be expected to be similar to the current main radio power consumption for a DRX paging cycle, with the main difference being due to the alternative baseband processing applied by the LP-WUR.

Observation 4:	To maximise power savings from the LP-WUR, a save/restore feature can be implemented, for fast and simple re-programming of LP-WUR (frequency synthesis, frontend setting, LNA and more). 

It would be beneficial from an overall power consumption perspective to reduce the need to wake-up the main receiver for certain coverage or mobility evaluations. LP-WUR architectures and LP-WUS designs that could support some coverage evaluations and limited mobility measurements (eg using ADC and level detection) could potentially reduce how frequently the main radio needs to be woken for these measurements

Proposal 1: 	The SI considers LP-WUS and LP-WUR designs that could reduce how often the main radio needs to be woken up for coverage and mobility related measurements,  in order to reduce the overall power consumption of the device.

As mentioned in R1-2208698, we believe that RedCap devices are a key device that the LP-WUS/WUR should be targeted at, given their similar use cases.  A key limitation of some RedCap devices is that they use of just 1 receiver RF chain.  With just a single receiver RF chain, the simpler LP-WUS modulation scheme and LP-WUR receiver architecture, need to ensure that the LP-WUS has a coverage area comparable to that of other main radio channels, techniques like power boosting and repetition should be considered for the LP-WUS.

Observation 5:         Techniques like repetition and power boosting could be beneficial to ensure coverage of the LP-WUS.

2.3         Multi-band architecture with reduced gain
Figure 2 shows a reduced gain LP-WUR architecture with multiband support. This setup supports a similar configuration to the LP-WUR architecture presented in the previous section. The key differences include the removal of the amplification stage and ADC based detector.   



Figure 2:    Multiband LP-WUR architecture with reduced gain 

The power consumption for this WUR architecture is less that for the architecture based on the main radio design described in previous section. The main power saving come from the removal of the relatively power hungry LNA and ADC stages. 
 
[bookmark: _Ref115362735]Table 2:  Potential power consumption for a reduced gain LP-WUR architecture
In Table 2 above, examples of the power consumption for the main components are provided for a LP-WUR architecture based on the existing main radio design – with reduced gain. The power consumption estimates are based on standalone components available on the market. The same components can be optimised for power consumption by integration with the chipset and further optimised for the various bands, gain, frequency, settling times etc. Various aspects of the main components of this main radio reduced gain based LP-WUR architecture are highlighted below.

· The Frontend and antennas could be reuse (shared HW block) from 5G modem section. This will give the WUR support for all supported 5G bands. One powersave option for the WUR with respect to the fronted section is to have the diversity path disabled. 
· The LNA section is removed compared to the 5G main radio
· The mixer section will be further simplified, as the LNA section only need support for one RX path. This would also imply that the current consumption will be in the range of x2 less than for the main radio.
· The reference clock section could be identical to the section used for the main radio – where a high precision XO is used as reference– or as chosen here – to use the RTC clock as reference to the RF synthesiser. This will give a large saving with respect the power consumption but will have other impact in performance – this is described in a later section.
· The BB amplifier section is removed for power optimisation purpose
· The ADC (if ADC is needed) will have a much lower sample frequency than needed for 5G main radio functionality. As the ADC is only intended to be used for level estimation a shaping filter can be applied in front of the ADC and thereby will the required sample frequency be x100 times less than for the 5G main radio. This will apply power saving in the range of x1000 compared to main radio.
· The state machine (Not mentioned in the table) is assumed to be HW implemented and is executed with a relative slow clock and will have a power consumption there is <<< smaller than the BB processing of 5G data. Here is tha assumption that the added power consumption is so low that it is less than 1 mA.

Summarised will the power consumption be in the range of 0.05-0.1 compared to 5G main radio based on the above-mentioned assumptions.       

Observation 5:   	For a LP-WUR architecture that reuses the main radio 5G RF section but with reduced gain and  diversity disabled, the “ON” power consumption can be expected to be in the range of 0.05-0.1 of the 5G main radio.

Pros for this receiver architecture:
· Less power consumption compared to the fully flexible LP-WUR presented in the previous section.
· Supports flexible LP-WUS BW allocation, due to support of  the multi-band mixer and frequency synthesis, which could be reused from the main radio.

Cons for this receiver architecture:  
· The sensitivity for this receiver is less that for architecture presented in the previous section.
· LO leakage from frequency synthesis via the mixer to antenna, should be considered in the HW design and component selection.  


In this section we have described a simplified LP-WUR Multi-band architecture with reduced gain.  Whilst there are significant power savings to be made with this architecture, given the reduced coverage/sensitivity, the range of use cases it can support are reduced.  In studies of multiple WUR architectures, it has been shown that roughly, for a x10 increase in power there is a 20 dBm (normalised against bitrate) gain in sensitivity.

Observation 6:         Power consumption can be traded off against sensitivity performance. 


2.4    Reference oscillator considerations
DRX or duty cycling of the LP-WUR architecture, can further reduce the power consumption of the LP-WUR radio. When in an DRX “OFF” state, many LP-WUR components can be powered down, however one key component that cannot be easily powered down is the “always on” reference clock. 
There can be different approaches for this LP-WUR reference clock design – highly depending on the existing modem solution, price and power consumption:
Reuse of existing reference clock configuration for the 5G main radio modem. Many 5G modem solution consist of a RTC clock used in idle and off scenario’s and a dedicated high(er) precision clock for 5G operation. Typically, the RTC clock is a very low power clock (few uA current consumption) and the high precision clock for 5G operation has a higher current consumption (few mA current consumption). For high reuse, the LP-WUR can re-use the high precision clock:
Pros: 
· simple solution as the 5G reference clock is already present in the system
· The reference clock has high accuracy with low drift in frequency
· Reuse of the existing idle HW system for the 5G modem for the WUR
Cons:
· Higher current consumption in active mode (added app. 2-5 mA)

An alternative approach for saving additional power could be to use the RTC clock as reference for the LP-WUR. The RTC reference clock has typical a low frequency accuracy with respect to frequency stability versus temperature changes in the range of +/-100ppm. To be able to handle potential frequency drift up to 100 ppm an additional guard band of 100KHz (@1GHz) would be needed. Alternatively, frequency adjustment functionality need to be implemented in the WUR    
Pros:
· Very low power consumption for the clock configuration circuit
Cons:
· The RTC reference clock is often a low frequency precision device  with an accuracy of app +/-100ppm.  
· Additional guard band or frequency compensation need to be considered

Observation 7:     	For DRX operation, the LP-WUR choice of clock needs to consider the trade off between higher clock accuracy and corresponding clock source power consumption, with the support of longer duty cycles and the corresponding higher overall LP-WUR operation power consumption gain. 

Observation 8: 	If a reference clock with large frequency tolerances is assumed, additional guard band between the 5G and LP-WUS should be considered
     
3.      Conclusion
In this contribution, we have discussed the design of the wake-up receiver architecture, and from those discussions we have the following observations and proposals:

Observation 1:        The optimum LP-WUR architecture may vary depending on the use-case. 

Observation 2:   	For a LP-WUR architecture that reuses the main radio 5G RF section but with diversity disabled, the “ON” power consumption can be expected to be in the range of 0.1-0.25 of the 5G main radio.

Observation 3:   	For a LP-WUR architecture that reuses the main radio 5G RF section, the power consumption of the LP-WUS detection cycle can be expected to be similar to the current main radio power consumption for a DRX paging cycle, with the main difference being due to the alternative baseband processing applied by the LP-WUR.

Observation 4:	To maximise power savings from the LP-WUR, a save/restore feature can be implemented, for fast and simple re-programming of LP-WUR (frequency synthesis, frontend setting, LNA and more). 

Proposal 1: 	The SI considers LP-WUS and LP-WUR designs that could reduce how often the main radio needs to be woken up for coverage and mobility related measurements,  in order to reduce the overall power consumption of the device.

Observation 5:   	For a LP-WUR architecture that reuses the main radio 5G RF section but with reduced gain and  diversity disabled, the “ON” power consumption can be expected to be in the range of 0.05-0.1 of the 5G main radio.

Observation 6:         Power consumption can be traded off against sensitivity performance. 

Observation 7:     	For DRX operation, the LP-WUR choice of clock needs to consider the trade off between higher clock accuracy and corresponding clock source power consumption, with the support of longer duty cycles and the corresponding higher overall LP-WUR operation power consumption gain. 
Observation 8: 	If a reference clock with large frequency tolerances is assumed, additional guard band between the 5G and LP-WUS should be considered
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