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1. Introduction
A new SID on studying low-power wake-up signal (WUS) and receiver (WUR) for NR was approved in RAN P #94 e-meeting [1]. In this contribution, we firstly introduce how low-power WUS & WUR work to wake up the main radio and the information exchanged between low-power WUR and main radio. Then we discuss the candidate low-power WUR receiver architectures which potentially meet the design targets as defined in [2]. At last, we provide the design on key modules of the WUR.
2. Low-power WUR receiver and main radio
As shown in figure 1, separate wake-up receiver can largely reduce the power consumption. Upon reception of low-power WUS, low-power WUR triggers main radio to switch on, otherwise, the main radio is OFF or keep in an extreme deep sleep mode (this is for IDLE/INACTIVE mode) or light sleep/microsleep (this is for CONNECTED mode).
Proposal 1 Adopt the following terminology for future discussion,
· Main radio：the Tx/Rx module operating for legacy system  
· Low-power WUR: the Rx module operating for receiving/processing low-power WUS



Figure 1 Illustration on low-power WUS and WUR triggering the main radio
Of course, the main radio and  low-power WUR will exchange information between each other which is illustrated in figure 2, such as 
· Low-power WUR can get initial configurations before work from the main radio
· Low-power WUR can indicate ‘wake-up’ to the main radio
· Low-power WUR can pass additional messages to the main radio, and the main radio can further process/parse the messages so that it can be understandable for the main radio legacy system. However, these additional messages should be agnostics to the low-power WUR.
Proposal 2 The main radio and low-power WUR will exchange information between each other, such as 
· Low-power WUR can get initial configurations before work from the main radio
· Low-power WUR can indicate ‘wake-up’ to the main radio
· Low-power WUR can pass additional messages from LP-WUR to the main radio which are processed and parsed in the main radio but agnostics to the low-power WUR


Figure 2 Information exchanged between low-power WUS and WUR 
3. Low-power WUR receiver architecture
1. 
2. 
3. 
3.1. Design metrics of low-power WUR
Along with expected ultra low power consumption of low-power WUR, the achievable sensitivity is critical to guarantee the communication range of the low-power WUS. Furthermore, the allowed data rate which impacts the wake-up efficiency should also be considered. Generally, the achievable receiver sensitivity can be increased by exploiting sophisticated hardware, i.e., using LNA at RF, high accuracy LO, and high-Q filter of narrow bandwidth, and etc., which may largely increase the power consumption. On the other hand, the sensitivity can be also increased by exploiting coding or spreading/repetition scheme by reducing the data rate. Furthermore, the reduced data rate can also reduce power consumption as a lower sampling rate can be used for ADC and digital processing.
According to the survey[3], the trade-off of power consumption, sensitivity and data rate can be represented by power consumption vs. sensitivity nomalized by data rate, and it is observed that a 20 dB increase of nomalized sensitivity requires 10 times power consumption increasing. 
[bookmark: OBS]Observation 1 Design on low-power WUR architecture is a trade-off of power consumption, sensitivity and data rate.
As discussed in our company contribution[2], the design targets of the identified use cases in terms of power consumtion, sensitivity and data rate can be summarized as below:
· [bookmark: _Hlk115280088]Power consumption : tens of uw ~ hundreds of uw
· Sensitivity: -80dBm ~ -100dBm
· Data rate: tens of kbps ~ hundreds of kbps
Therefore, we can study low-power WUR architecture satisfying the design targets in terms of power consumtion, sensitivity and data rate.
3.2. Non-coherent detection 
As discussed in subsection 2.1, the power consumption of low-power WUR is expected to be tens of uw to hundreds of uw. In order to achieve such low power consumption which is probably hundred times reduced than the legacy main radio, the power-hungry modules, i.e., phase locked loop (PLL) frequency synthesize should be eliminated in low-power WUR. Considering stringent phase accuracy is not guaranteed, non-coherent detection becomes the best fit for low-power WUR. 
Furthermore, for low power requirements, complicated modulation schemes should be avoided for their demodulation operation in both analog and digital processing. For amplitude shift keying(ASK) modulation and On-Off keying (OOK) as a specific form of ASK, due to the simplicity and power efficiency, it has been extensively discussed and used as modulation scheme for low-power WUR receiver in the literatures. Therefore, we can study non-coherent detection based LP-WUR receiver architectures and take ASK modulation as the starting point, to satisfy the design targets of the identified use cases in the SID.

Proposal 3 Study non-coherent detection based low-power WUR receiver architectures supporting at least ASK (e.g., OOK) detection which satisfy design targets in terms of power consumption, sensitivity and data rate. 
3.3. Potential receiver architectures
Generally, there are two kinds of non-coherent detection based receiver architectures for low-power WUR performing energy detection: mixer-first architecture and envelop detector- first architecture. Depending on where the energy detection or amplitude detection is performed, i.e., radio frequency (RF), immediate frequency (IF), or baseband (BB), they can be further summarized in to three types: amplitude detection at RF, amplitude detection at IF, and amplitude detection at BB. Details for the three types are provided in the following subsections.   
1. 
2. 
3. 
3.1. 
3.2. 
3.3. 
3.3.1.  Amplitude detection at RF 
As shown in figure 3, the 1st  type of receiver architecture for low-power WUR performs amplitude detection at RF. The input RF signal passes through the matching network, optionally amplified by a low noise amplifier(LNA), filtered by a bandpass filter (BPF) at RF, then it is converted to baseband via RF envelop detector. 
Due to the nonlinear nature of envelope detector, it simply detects the amplitude of the RF signal and discards frequency and phase content, and thus, interferences are superposed with signal after envelope detection, which cannot be filtered out by low pass filter (LPF) at BB band. Therefore, in the 1st type of receiver architecture, the interference rejection, especially for adjacent channel interference (ACI), highly relies on a RF BPF, and it desires a high-Q RF BPF with bandwidth approximates the signal bandwidth of low-power WUS as much as possible. Considering high-Q RF BPF may need larger area, higher power consumption and cost, it may not be efficient to set an exclusive high-Q BPF to pick up the low-power WUS in each band when low-power WUR is used to receive low-power WUS in multiple bands. Therefore, the 1st  type of receiver architecture is more appropriate for low-power WUS reception in single band. 
Observation 2 Due to demanding a band specific high-Q RF BPF, the receiver architecture with amplitude detection at RF is more suitable for devices supporting single band.



Figure 3  Low-power receiver architecture with amplitude detection at RF

Furthermore, as there is no local oscillator (LO) and mixer in the 1st  type of receiver architecture, the power consumption can be very low, e.g., several uw or less than 1 uw[4] , which enables a long battery life for IoT devices. However, the sensitivity may be quite limited, e.g., around -50dBm[4]. The sensitivity can be improved by adopting LNA but causing a increased power consumption. Therefore, the 1st type of receiver architecture is more appropriate for the devices pursuing extreme low power consumption with limited sensitivity requirement.
Observation 3 The receiver architecture with amplitude detection at RF brings extreme low power consumption with limited sensitivity.
[bookmark: OLE_LINK5]Proposal 4 Study the feasibility of low-power receiver architecture with amplitude detection at RF for the single band devices targeting extreme low power consumption with limited sensitivity . 
3.3.2. Amplitude detection at IF
As shown in figure 4, the 2nd  type of receiver architecture for low-power WUR performs amplitude detection at IF. The input RF signal passes through the matching network, filtered by a BPF at RF. Then the RF signal is down-converted to low IF via LO and RF mixer to ease implemenatation of blocks of amplifier and filter at RF. The amplifier and filter at IF is more power efficient. As interference rejection can be performed by a high-Q IF BPF instead of a high-Q RF BPF, the 2nd type receiver can support low-power WUS reception in multiple bands flexibly.
After IF filtering,  the output IF signal is converted to BB by a IF envelop detector, and subsequently ditigalized for didital signal processing by a compartor or multi-bit ADC. By IF operation, the 2nd type receiver can avoid the influence of DC offset and flicker noise, however, it suffers from image interference which should be overcome by proper filter design at RF or IF. The power consumption of mixer-first receiver architecture is limited by the LO, i.e., LC oscillator,  the higher accuracy and stability causes larger power consumption, in order to reduce the power devoted to the LO,  duty-cycle mechanism can be considered either on LO block or the receiver, and thus, the power consumption can be redudced at the cost of certain latency. On the other hand,  power consumption can be also reduced by relaxing the accuracy and stability of the LO, e.g., replacing the LC oscillator with a ring oscillator which can reduce the power consumption ten times or more. Due to the frequency inaccuracy of the ring oscillator, the RF signal is down converted to the IF band with certain frequency offset, and thus, such frequency offset should be taken into account when designing the bandwidth of the IF BPF to accomandate the signal properly. Furthermore, with power budget given , the minimum frequency offset of the oscillator should also be studied and identified.



Figure 4 Low-power receiver architecture with amplitude detection at IF

Observation 4 For low-power receiver architecture with amplitude detection at IF, the power consumption can be reduced by replacing  a high accuracy LO with a medium accuracy LO, and the frequency offset of the LO can be further studied.
3.3.3. Amplitude detection at BB
As shown in figure 5, the 3rd  type of receiver architecture for low-power WUR performs amplitude detection at BB. The input RF signal passes through the matching network, filtered by a BPF at RF. Then the RF signal is directly down-converted to BB via LO and RF mixer, and thus, a high accuracy LO, i.e., LC oscillator is required which consumes around hundreds of micro watts. Then the output BB signal is ditigalized for didital signal processing by a compartor or multi-bit ADC. Due to direct down coversion of the RF signal to DC, it avoids image interference existed in the 2nd type of receiver, however, the flicker noise and DC offset issue should be carefully resolved, otherwise, the signal will be drowned. Furthermore, a high-Q BB LPF can be used for interference rejection instead of a high-Q RF BPF, the 3rd type receiver can aslo support low-power WUS reception in multiple bands flexibly. 
Observation 5 For low-power receiver architecture with amplitude detection at BB,  low-power solution on flicker noise and DC offset issue should be studied. 



Figure 5 Low-power receiver architecture with amplitude detection at BB

Three types of potential receiver architecture for low-power WUR are analyzed in the above, and the comparisons of them are summarized in table 1.

Table 1 comparison of low power receiver architectures

	
	Modulation
	Power consumption
	RF sensitivity
	Interference rejection

	Type 1: amplitude detection at RF
	ASK (OOK)
	uw[4]~tens of uw 
	-50dBm[4]~-70dBm (LNA)
	High-Q RF filter, multi-bit ADC

	Type 2:amplitude detection at IF
	ASK (OOK)
	tens of uw[5] ~ mw[6]
	[bookmark: OLE_LINK1][bookmark: OLE_LINK2]-70dBm[5]~-110dBm[6]
	RF filter, high-Q IF filter, multi-bit ADC

	Type 3:amplitude detection at BB
	ASK (OOK)
	tens of uw [7]~
hundreds of uw[8]
	-70dBm[7]~-90dBm[8]
	RF filter, high-Q BB filter, multi-bit ADC



In summary, for low-power WUR architecture with mixer-first followed by amplitude detection, including amplitude detection at IF and amplitude detection at BB, it supports a larger sensitivity range, i.e., up to -100dBm or more with power consumption ranging from tens of uw to  hundreds of uw around. It also supports receiving low-power WUS in multiple bands flexibly. Therefore, in the next step, we can study the feasibility of low-power WUR architecture with mixer-first followed by amplitude detection, based on the design targets in terms of power consumption, sensitivity, and data rate, for example: 
· Power consumption : tens of uw ~ hundreds of uw
· Sensitivity: -80dBm ~ -100dBm
· Data rate: tens of kbps ~ hundreds of kbps
Proposal 5 Study the feasibility of low-power WUR architecture with mixer-first followed by amplitude detection i.e., amplitude detection at IF and amplitude detection at BB, based on the design targets, e.g.,
· Power consumption : tens of uw ~ hundreds of uw
· Sensitivity: -80dBm ~ -100dBm
· Data rate: tens of kbps ~ hundreds of kbps
Furthermore, based on the feasibility study, RAN1 can send the candidate receiver architectures with necessary information (description on the receiver architecture, power consumption, sensitivity, data rate, and etc.) to RAN4 by the end of Nov meeting.
[bookmark: _Hlk115376326]Proposal 6 RAN1 sends the candidate receiver architectures with necessary information (description on the receiver architecture, power consumption, sensitivity, data rate, and etc.) to RAN4 by the end of Nov meeting.
4. Design on key modules of LP-WUR receiver
4. 
4.1. [bookmark: OLE_LINK8]Analog RF/IF/BB filter
For low-power WUR architecture with mixer-first followed by amplitude detection, RF signal is down converted to IF or BB, and thus, ACI can be filtered out at IF or BB instead of RF. The RF BPF can be served for out-of-band interference rejection, and when low-power WUR shares the same bands as the main radio, the RF BPF can be also shared between low-power WUR and main radio. 
For IF BPF and BB BPF, it is a trade-off between interference rejection performance and power consumption. For given low-power WUS signal bandwidth and requirements on ACI rejection, the power consumption depends on the filter order, smaller filter order keeps lower power consumption but requires a larger guardband resulting in lower resource efficiency, larger filter order increases the power consumption linearly but only a smaller guardband is needed.
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Therefore, the filter bandwidth can be designed by considering the bandwidth of low-power WUS, ACI rejection requirements, guardband allocation between low-power WUS and adjacent channel as well as power consumption budget.
Observation 6  Analog RF filter is used for out-of-band interference rejection.
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Proposal 7 Study the followings related to the analog IF/BB filter, i.e., filter bandwidth by considering the bandwidth of low-power WUS, ACI cancellation requirements, guardband allocation between low-power WUS and adjacent channel as well as power consumption budget.
4.2. [bookmark: OLE_LINK11][bookmark: OLE_LINK12] ADC
ADC facilitates removing interference and noise effect further via digital processing, the power consumption of ADC depends on the resolution and sampling rate. As summarized in [9], the energy, i.e., power divided by sampling rate, exponentially increases when resolution increases. For example, in walden FoM(figure of merit), it takes 2 times enery per bit added in resolution, while in Schreier FoM, it takes 4 times enery per bit added in resolution.  
On the other hand, the detection performance of low-power WUS by low-power WUR also relies on the resolution and sampling rate. The following is an example of the miss detection / false alarm performance of the multiple-bit ADC performance of the low-power wake up signal. It is oberserved that with sampling rate fixed at 3.84MHz, the performance of comparator (1-bit ADC) is quite poor in both scenarios with adjacent channel interference (ACI) and without ACI. While the detection performance of  4-bit ADC approximately approach to that of 8-bit ADC. Therefore,  in ADC design, the resolution and  sampling rate should be determined based on both detection performance requirements and power consumption budget. The relevant simulation assumptions are shown in Appendix A.

[bookmark: OLE_LINK13]   [image: ][image: ]
Figure 6 Detection performance of low-power WUR with different ADC resolution: 1, 2 , 4, 8
*Note:ACI in above figures means adjacent channel interference. ADC bitwidth with X bits are maked as “X ADC”; ADC with 1 bit bitwidth is marked as ‘comparator’; ‘ideal’ ADC means no quantization.
Proposal 8  Study multi-bit ADC, i.e., resolution and sampling rate by considering both power consumption budget and detection performance.
5. Conclusion
[bookmark: _GoBack]In this contribution, we provide our views on the candidate receiver architectures which potentially meet the design targets and the design considerations on key modules of the WUR. The observations and  proposals are listed as below:
Observation 1 Design on low-power WUR architecture is a trade-off of power consumption, sensitivity and data rate.
Observation 2 Due to demanding a band specific high-Q RF BPF, the receiver architecture with amplitude detection at RF is more suitable for devices supporting single band.
Observation 3 The receiver architecture with amplitude detection at RF brings extreme low power consumption with limited sensitivity.
Observation 4 For low-power receiver architecture with amplitude detection at IF, the power consumption can be reduced by replacing  a high accuracy LO with a medium accuracy LO, and the frequency offset of the LO can be further studied.
Observation 5 For low-power receiver architecture with amplitude detection at BB,  low-power solution on flicker noise and DC offset issue should be studied. 
Observation 6  Analog RF filter is used for out-of-band interference rejection.
Proposal 1 Adopt the following terminology for future discussion,
· Main radio：the Tx/Rx module operating for legacy system  
· Low-power WUR: the Rx module operating for receiving/processing low-power WUS
Proposal 2 The main radio and low-power WUR will exchange information between each other, such as 
· Low-power WUR can get initial configurations before work from the main radio
· Low-power WUR can indicate ‘wake-up’ to the main radio
· Low-power WUR can pass additional messages from LP-WUR to the main radio which are processed and parsed in the main radio but agnostics to the low-power WUR
[bookmark: _Hlk115422842]Proposal 3 Study non-coherent detection based low-power WUR receiver architectures supporting at least ASK (e.g., OOK) detection which satisfy design targets in terms of power consumption, sensitivity and data rate. 
Proposal 4 Study the feasibility of low-power receiver architecture with amplitude detection at RF for the single band devices targeting extreme low power consumption with limited sensitivity. 
Proposal 5 Study the feasibility of low-power WUR architecture with mixer-first followed by amplitude detection i.e., amplitude detection at IF and amplitude detection at BB, based on the design targets, e.g.,
· Power consumption : tens of uw ~ hundreds of uw
· Sensitivity: -80dBm ~ -100dBm
· Data rate: tens of kbps ~ hundreds of kbps
Proposal 6 RAN1 sends the candidate receiver architectures with necessary information (description on the receiver architecture, power consumption, sensitivity, data rate, and etc.) to RAN4 by the end of Nov meeting.
Proposal 7 Study the followings related to the analog IF/BB filter, i.e., filter bandwidth by considering the bandwidth of low-power WUS, ACI cancellation requirements, guardband allocation between low-power WUS and adjacent channel as well as power consumption budget.
Proposal 8  Study multi-bit ADC, i.e., resolution and sampling rate by considering both power consumption budget and detection performance.
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Appendix A –Simulation assomptions
[bookmark: _Ref53480048]Table 1. Assumptions for link level simulation for LP-WUS
	Attributes
	Assumptions

	Carrier Frequency
	2GHz

	Channel structure
	Preamble +data +CRC: 32 chips+ 32 bits +8 CRC bits

	Coding
	1/2 rate Manchester coding (For information bits and CRC bits)

	Data rate/
Raw Data rate
	28kbps (16kbps)
112kbps (64kbps)
224kbps (128kbps)

	SCS
	30kHz

	gNB Channel BW 
	20MHz (50 RB)

	WUS BW
	12RB ~4.32MHz  

	Guard band
	1RB on each side of LP-WUS bandwidth

	Filter 
	5th Order Butterworth with 4.32MHz bandwidth 

	ACI
	PDSCH mapped on RBs not used for LP-WUS and guard band;
EPRE of LP-WUS vs EPRE of PDSCH = 1:1.

	Sampling Rate
	4MHz 

	ADC
	1bit (comparator)
2bits, 4bits, 8bits, ideal ADC

	Channel Model
	TDL-C 300

	Performance metric
	{FAR, MDR}: {0.1%, 1%}
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