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[bookmark: _Toc116995841]Introduction
To reduce the power consumption of UE in the RRC idle/inactive mode, LP-WUS feature is being studied [2]. The study primarily targets 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, e.g.XR/smart glasses, smart phones. In this paper, three different wake-up architectures are evaluated. Assumptions, observations, and proposals related to them are also stated.
[bookmark: _Toc116995842]Discussion
The three receiver architectures that are being evaluated in this paper are 
· Zero IF receiver,
· IF envelope detector,
· RF envelope detector.
In the sections below, assumptions, observations and some key proposals regarding these architectures are defined. 
Common considerations
Besides architecture specific observations, the following observations and proposals applies to all of the discussed architectures.
· Modulation is assumed to be Manchester encoded MC-OOK or MC-FSK.
· The WUS is assumed to have flexible location within a carrier.
1. The power saving gains comes from the duty cycling of the LR. The on time of the duty cycle should be sufficiently large for the components programming and settling time. 
1. Receiver specifications such as ACS, guard bands etc., defined in TS38.101-1 [3] and TS38.101-2 [4] shall be used as baseline for LP-WUS study.
1. There shall be no impact of LP-WUS on the existing gNB emissions and compliance requirements. 
1. Sample performance parameters of different components of the receiver chain should be included in the study report.
Zero IF Receiver architecture
The Zero-IF receiver architecture is aimed for multi band usage. This architecture can have a high degree re-use of the NR radio like frontend, antennas, LNA, mixer, ADC (if it is configurable in frequency and sample depth) can be reused.
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[bookmark: _Ref127281932]Figure 1 Basic UE LP-WUR architecture for utilizing a Zero IF receiver ([1]).
As with any direct conversion receiver, DC offset and self-image are problems here. For the LP-WUS signal, since there can be data at the DC, so any potential DC offset cancellation loop can cause information loss. LO is used for tuning the receiver to different frequencies. Assumed values of the performance parameters of different components used in this architecture are shown in Table 1. These values are taken from published literature ([6]--[11]).
This architecture supports a high degree of reuse of the NR main radio components.
To support more than one band, the receiver could use a wideband LNA or multiple LNAs supporting smaller frequency area. 
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. 
DC offset cancellation loop to attenuate the DC signal though could cause information loss.
A higher linearity mixer is required with image rejection. 
A PLL will be required to generate the LO signal. This will need additional power and will increase the power consumption of the LR. Further, its settling time can be of the order of few milli-seconds.
The ADC needs to have high dynamic range to handle fading and other channel variations from time to time. A resolution of 4—8 bits would be preferred. The sample rate should be aligned with the bandwidth of the WUS signal bandwidth. 
The RF LO (RF Synthesizer) must be programmable to be able to select the WUS frequency band at any frequency within the operating band and to be able to cover multiple NR bands. The output level of the LO needs to be aligned with the RF Mixer input requirements.
The clock accuracy requirements depend on waveform used, guard bands, the minimum required suppression of NR OFDM signal. Further, they are tied along with LP-WUS failure rate.
LP-WUS failure rate should be defined to determine the clock accuracy requirements for Zero-IF receiver architecture. 
PLL programming and settling time should be considered while defining the duty cycle of the LR for Zero-IF receiver architecture. 
At least following RF impairments for Zero-IF receiver architecture should be considered: blocker sensitivity, LO leakage, phase noise.


[bookmark: _Ref127395283]Table 1 Gain, NF and power consumption values that are used for evaluation of Zero-IF architecture.
	Component 
	Gain (dB) 
	NF (dB) 
	Power Consumption (uW) 
	Remarks 

	Matching Network
	-1
	1
	  
	 

	RF BPF (RF Frontend)
	 
	 
	 
	 

	LNA 
	20 
	2 
	5000 
	  

	LO 
	  
	  
	2000
	  Includes PLL consumption

	Mixer 
	3 
	7.5 
	1000 
	  

	BB amplifier 
	40 
	15 
	1000 
	  

	BB filter 
	-3 
	3 
	
	  

	ADC 
	  
	  
	100
	8 Bit ADC with a sample rate of 10MHz. 

	Total 
	  
	  
	9100 
14.2uW (duty cycled)
	With 0.16% duty cycling (assumed 2ms ON duration and DRX of 1.28 sec).


IF envelope detector
The IF envelope detector architecture is based on the principle of superheterodyne receiver. The basic idea of superheterodyne is to use frequency mixing to convert a received signal to an intermediate frequency (IF) which can be more conveniently processed than the original radio carrier frequency. At the cost of an extra frequency converter stage, the superheterodyne receiver provides superior selectivity and sensitivity compared with simpler designs like the tuned RF detectors. The architecture for utilizing an IF envelope detector for demodulating the LP-WUS signal is shown in Figure 2. 
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[bookmark: _Ref127223602]Figure 2 Basic UE LP-WUR architecture for utilizing an IF envelope detector ([1]).

The receiver architecture starts with a matching network, followed by a RF BPF and a RF LNA. All these components should be able to operate in all 5G NR bands. Given the similarity in terms of functionality with the main radio (MR), these components can be shared between the MR and LR. The required frequency tuning can be done via the LO. Further, as there is an IF stage, it would be easier to design high-Q filters at IF than at RF. To demodulate the LP-WUS signal, an IF-envelope detector is utilized. An IF-envelope detector with a fixed center frequency is relatively easy to implement. A gain value of -30dB along with a NF of 40dB for the IF-envelope detector is assumed. In addition, it is assumed that the envelope detector itself requires a minimum signal value of -50dBm before it can produce any output Thus, this defines the minimum gain that should be provided by the preceding amplifier stages. As this architecture also requires a tunable LO, similar observations regarding LO are applicable here too. Assumed values of the performance parameters of different component used in this architecture are shown in Table 2. 
Following are few observations and proposals regarding the IF-envelope detector architecture. 
[bookmark: _Toc116981541][bookmark: _Toc116982824][bookmark: _Toc116982859][bookmark: _Toc116982882][bookmark: _Toc116994710][bookmark: _Toc116994823][bookmark: _Toc116994895][bookmark: _Toc116994909][bookmark: _Toc116995098][bookmark: _Toc116995141][bookmark: _Toc116995897][bookmark: _Toc116995923][bookmark: _Toc116995943][bookmark: _Toc116996063][bookmark: _Toc116996084][bookmark: _Toc116996089][bookmark: _Toc116996131][bookmark: _Toc116996431][bookmark: _Toc116996752][bookmark: _Toc116997065][bookmark: _Toc127283271]There are no special RF requirements for the RF matching network and RF BPF of the low-power receiver (LR), thus, it can share these components with that of the main radio (MR). 
A PLL will be required to generate the LO signal. This will need additional power and will increase the power consumption of the LR. Further, its settling time can be of the order of few milli-seconds. 
Given the large gain before the IF-envelope detector, noise contribution of the IF-envelope detector will be negligible. The minimum received signal power can be in the range of standard NR signals.
This architecture will consume more power compared to RF envelope detector architecture but provides more flexibility in terms of WUS signal placement.
The RF LO (RF Synthesizer) must be programmable to be able to select the WUS frequency band at any frequency within the operating band and to be able to cover multiple NR bands. The output level of the LO needs to be aligned with the RF Mixer input requirements. 
The clock accuracy requirements depend on waveform used, guard bands, the minimum required suppression of NR OFDM signal. Further, they are tied along with LP-WUS failure rate. 
LP-WUS failure rate should be defined to determine the clock accuracy requirements for IF envelope detector receiver architecture. 
PLL programming and settling time should be considered while defining the duty cycle of the LR for IF envelope detector architecture. 
At least following RF impairments for IF envelope detector architecture should be considered: image rejection, LO leakage, phase noise. 
[bookmark: _Ref127395193]Table 2 Gain, NF and power consumption values assumed for the evaluation of IF-envelope detector architecture
	Component 
	Gain (dB) 
	NF (dB) 
	Power Consumption (uW) 
	Remarks 

	Matching Network
	-1
	1
	  
	 

	RF BPF (RF Frontend)
	 
	 
	 
	 

	LNA 
	20 
	2 
	5000 
	  

	LO 
	  
	  
	2000
	  Includes PLL consumption

	Mixer 
	3 
	7.5 
	1000 
	  

	IF amplifier
	55
	7
	3000
	

	IF envelope detector
	-30
	40
	<10
	

	BB amplifier 
	40 
	15 
	1000 
	  

	BB filter 
	-3 
	3 
	
	  

	ADC 
	  
	  
	100
	8 Bit ADC with a sample rate of 10MHz. 

	Total 
	  
	  
	12110 
19.4uW (duty cycled)
	With 0.16% duty cycling (assumed 2ms ON duration and DRX of 1.28 sec).


[bookmark: _Toc116995848]RF envelope detector
Basic architecture for utilizing an RF envelope detector for demodulating the LP-WUS signal is shown in Figure 3. This architecture utilizes an envelope detector working at RF to demodulate the LP-WUS signal. The architecture starts with a matching network, which must be used to adjust the size and center of the band. This means a control function to adjust within a few mega-hertz. This requires an extensive switching network of components. Given the functional requirements, the matching N/W in this architecture is going to be complex compared to a standard UE matching N/W. Further, to provide the flexibility to place WUS across the NR carrier, a tunable high-Q factor filter will be required. A loss of 4dB is assumed. A Q value of 150 is assumed.
A multi-band RF envelope detector is difficult to implement. Further, in this architecture it should be able to operate under all carrier frequencies in both FR1 and FR2. A gain value of -30dB along with a NF of 40dB is assumed. In addition, a minimum signal value of -50dBm is assumed to be needed for the RF envelope detector to work. This means that a RF LNA is not an optional component in this architecture. 
This architecture has the lowest power footprint compared to other two architectures. However, that comes at the cost of very tough requirements and rigid constraints related to LP-WUS placement and operation band.
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[bookmark: _Ref127177314][bookmark: _Ref127177260]Figure 3 Basic UE LP-WUR architecture for utilizing an RF envelope detector ([2]).

Based on the discussion, following observations can be made:
[bookmark: _Toc117780295]The RF requirements for this architecture are very tedious. Not only it requires a very high Q factor (>150) RF filters, they also have to be tuneable across the supported NR carriers. These are very complex requirements, and it will increase the power consumption & cost of this architecture. 
Without the RF LNA, minimum received signal power will be in the range of -50dBm, governed by the minimum signal requirement of the RF-envelope detector. The LNA can improve the minimum required signal to around -70dbm. To achieve equivalent coverage as other NR signals, a multi-stage LNA must be used, thus increasing cost and power consumption. 
BB amplifier will be required to drive a multi bit ADC, which in turn is required to get processing gain. 
The architecture has the highest potential for UE power saving but that comes at the cost of network complexity and power cost.
Given the challenges for this architecture operating in multiple bands which is required for placing the LP-WUS signal anywhere in the operating band, we suggest to focus on other architectures.
RF envelope detector architecture should be de-prioritized. 
Conclusion
Three different architectures for LP-WUS receiver are discussed and evaluated in this document. Following observations and conclusions are made regarding all these architectures.
1. The power saving gains comes from the duty cycling of the LR. The on time of the duty cycle should be sufficiently large for the components programming and settling time. 
1. Receiver specifications defined in TS38.101-1 [3] and TS38.101-2 [4] should be used as baseline for requirements such as ACS, guard band etc. 
1. There should be no impact of LP-WUS on the existing gNB emissions and compliance requirements.
1. Sample performance parameters of different components of the receiver chain should be included in the study report.

Following observations and conclusions are made regarding the ZeroIF receiver architecture
This architecture supports a high degree of reuse of the NR main radio components.
To support more than one band, the receiver could use a wideband LNA or multiple LNAs supporting smaller frequency area. 
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. 
DC offset cancellation loop to attenuate the DC signal though could cause information loss.
A higher linearity mixer is required with image rejection. 
A PLL will be required to generate the LO signal. This will need additional power and will increase the power consumption of the LR. Further, its settling time can be of the order of few milli-seconds.
The ADC needs to have high dynamic range to handle fading and other channel variations from time to time. A resolution of 4—8 bits would be preferred. The sample rate should be aligned with the bandwidth of the WUS signal bandwidth. 
The RF LO (RF Synthesizer) must be programmable to be able to select the WUS frequency band at any frequency within the operating band and to be able to cover multiple NR bands. The output level of the LO needs to be aligned with the RF Mixer input requirements.
The clock accuracy requirements depend on waveform used, guard bands, the minimum required suppression of NR OFDM signal. Further, they are tied along with LP-WUS failure rate.
LP-WUS failure rate should be defined to determine the clock accuracy requirements for Zero-IF receiver architecture. 
PLL programming and settling time should be considered while defining the duty cycle of the LR for Zero-IF receiver architecture. 
At least following RF impairments for Zero-IF receiver architecture should be considered: blocker sensitivity, LO leakage, phase noise.

Following observations and conclusions are made regarding the IF-envelope detector architecture
There are no special RF requirements for the RF matching network and RF BPF of the low-power receiver (LR), thus, it can share these components with that of the main radio (MR). 
A PLL will be required to generate the LO signal. This will need additional power and will increase the power consumption of the LR. Further, its settling time can be of the order of few milli-seconds. 
Given the large gain before the IF-envelope detector, noise contribution of the IF-envelope detector will be negligible. The minimum received signal power can be in the range of standard NR signals.
This architecture will consume more power compared to RF envelope detector architecture but provides more flexibility in terms of WUS signal placement.
The RF LO (RF Synthesizer) must be programmable to be able to select the WUS frequency band at any frequency within the operating band and to be able to cover multiple NR bands. The output level of the LO needs to be aligned with the RF Mixer input requirements. 
The clock accuracy requirements depend on waveform used, guard bands, the minimum required suppression of NR OFDM signal. Further, they are tied along with LP-WUS failure rate. 
LP-WUS failure rate should be defined to determine the clock accuracy requirements for IF envelope detector receiver architecture. 
PLL programming and settling time should be considered while defining the duty cycle of the LR for IF envelope detector architecture. 
At least following RF impairments for IF envelope detector architecture should be considered: image rejection, LO leakage, phase noise.

Following observations and conclusions are made regarding the RF envelope detector architecture
The RF requirements for this architecture are very tedious. Not only it requires a very high Q factor (>150) RF filters, they also have to be tuneable across the supported NR carriers. These are very complex requirements, and it will increase the power consumption & cost of this architecture. 
Without the RF LNA, minimum received signal power will be in the range of -50dBm, governed by the minimum signal requirement of the RF-envelope detector. The LNA can improve the minimum required signal to around -70dbm. To achieve equivalent coverage as other NR signals, a multi-stage LNA must be used, thus increasing cost and power consumption. 
BB amplifier will be required to drive a multi bit ADC, which in turn is required to get processing gain. 
The architecture has the highest potential for UE power saving but that comes at the cost of network complexity and power cost.
RF envelope detector architecture should be de-prioritized.
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