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1. [bookmark: _Ref118560578]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 previous RAN1 meeting[2], for the analysis of a receiver architecture,  it has been agreed that a list of details of the receiver and performance metrics are encouraged to be provided by companies as given in the below. 
In this contribution, we firstly introduce how the information exchanged between low-power WUR and main radio. Then we discuss the performance metrics as well as the potential LP-WUR receiver architectures with detailed components and the achieved performance from existing literatures. At last, we provide the design on key modules of the WUR.
Proposal 2-8r5: (clean version)
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
· Note: The performance and design of receiver architecture is expected to be dependent on WUS design. This list can be updated later when the discussion on WUS signal/procedure design (AI 9.13.3) starts.

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). 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.
[bookmark: _Hlk118300513]Proposal 1: The main radio and low-power WUR exchange information between each other, such as 
· Low-power WUR gets initial configurations from the main radio (received from gNB configuration)
· Low-power WUR can indicate ‘wake-up’ to the main radio
· Low-power WUR can pass additional decoded messages to the main radio, these messages are processed and parsed in the main radio but agnostics to the low-power WUR




Figure 1 Information exchanged between low-power WUS and WUR 
3. Low-power WUR receiver architecture
1. 
2. 
3. 
3.1. Performance metrics of low-power WUR
Power consumption, sensitivity, and data rate
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. Further, 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. 
For given receiver architecture, the sensitivity varies as data rate changes, and thus, it’s better to investigate the achivable sensitivity of low-power WUR along with the supported data rate. In[4], it provides the sensitivity metric normalized to the data rate as given below:

                                                     (1)

                                                             (2)


where the sensitivity is normalized to the data rate with  for designs with a non-linear squaring function for envelop detection in (1), and the sensitivity is normalized to the data rate with  for designs with a linear operation to demodulate the signal or designs using a non-linear squaring function for envelop detection after high active pre-ED gain with sharp filtering.
[bookmark: OBS]Observation 1  Design on low-power WUR architecture is a trade-off of power consumption, sensitivity and data rate.
Observation 2 Achievable sensitivity of the low-power WUR should be investigated along with the supported data rate.
Proposal 2:  Study the metric for representing the sensitivity at certain data rate for low-power WUR, e.g., the sensitivity normalized to data rate.
Nosise figure 
The receiver sensitivity is determined by the nosie performance of the whole receiver chain, which could not be easily reduced without increasing the power budget significantly. For reduced power consumption, some of the hardware components adopted by low-power WUR are inferior to those in main radio, which inherently increase the noise figure. Therefore, the nosise figure of low-power WUR could be larger than that of main radio. Futher, for each receiver architecture, as a set of different hardware modules are involved, the noise figure varies, which should be studied. 
Observation 3   The nosise figure of low-power WUR is larger than that of main radio.
Proposal 3  For each potential receiver architecture of low-power WUR, ask RAN 4 about the feasible values of noise figure.
Interference rejection
For in-band deployment of low-power WUS, in general, adjacent-channel interference, interference from adjacent subcarriers occupied by legacy NR signals or other LP WUS, as well as inter-cell interference should be handled. 
For adjacent-channel interference (ACI), the current transmitter requirement on adjacent channel leakage power ratio (ACLR) can be reused, however, the current receiver requirement on adjacent channel selectivity (ACS) may not be directly applied since low-power WUR adopts a simplified receiver architecture with envelope detection, and the analog filters instead of digital filters, mainly contribute to interference rejection where the performance should be further evaluated. Therefore, the receiver requirements on ACS in terms of WUR shall be studied and evaluated.
For interference from adjacent subcarriers occupied by legacy NR signals or other LP WUS, it comes out as the orthogonality among subcarriers are no longer guaraneteed due to non-coherent detection of low-power WUR. An illustrative example of adjacent subcarrier interference (ACSI) is given in Figure 2, to mitigate such ACSI,  analog filters before envelop detection as well as guardband can help. Further, the receiver requirements on ACSI in terms of low-power WUR shall be studied and evaluated. Under certain ACSI requirements, the minimum guardband between low-power WUS subcarriers and adjacent subcarriers occupied by legacy NR signals or other low-power WUS as well as proper filter designs can be determined by taking into account of both the power consumption of low-power WUS and the resource efficiency. 


[bookmark: _Hlk118293448]Figure 2. Illustration of low-power WUS channel multiplexing with NR DL channels
For inter-cell interference as co-channel interference, it mainly relies on the digital processing and thus, interference rejection on inter-cell interference may not put constraint on analog filters of low-power WUR. Instead, multi-bit ADC can be studied to facilitate digital processing. 
Proposal 4 For each potential receiver architecture of low-power WUR, ask RAN 4 in the following aspects:
· The suggest receiver requirement on adjacent channel selectivity.
· The suggest receiver requirement on the adjacent subcarrier selectivity as well as the minimum guardband between low-power WUS subcarriers and adjacent subcarriers occupied by legacy NR signals or other low-power WUS.
3.2. Potential receiver architectures for OOK
1. 
2. 
3. 
3.1. 
3.2. 
3.2.1.  Architecture with RF envelope detection
As shown in Figure 3, 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, the interference rejection, especially for adjacent channel interference (ACI) and adjacent subcarrier interference (ACSI), 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 need larger area, higher power consumption and cost, it would be not 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 such architecture is more appropriate for low-power WUS reception in single band. 
Observation 4  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 RF envelope detection

Furthermore, as there is no local oscillator (LO) and mixer adopted, the power consumption can be very low, e.g., several uw or less than 1 uw[5] , which enables a long battery life for IoT devices. However, the sensitivity may be limited, e.g., -56.5dBm~-75dBm[5][6]. The sensitivity can be improved by adopting LNA but causing a increased power consumption. Therefore, such type of receiver architecture is more appropriate for the devices pursuing extreme low power consumption with limited sensitivity requirement.
Observation 5  The reported sensitivity for receiver architecture with amplitude detection at RF in the literatures[5][6]is -56.5dBm~-75dBm with data rate serval kbps to hundred kbps under power consumption less than 1uw to tens of uw.

	reference
	Carrier frequency
	sensitivity
	Power consumtion
	Data rate
	Interference rejection
	oscillator
	tech
	year

	[5]
	2.4GHz
	-56.5dBm
	236nw
	8.192kbps
	N/A
	none
	CMOS 65nm
	2016

	[6]
	2.4 GHz/
915MHz
	915MHz:
-75dBm at 100kb/s, -80dBm at 10kb/s
2.4GHz:-64dBm at 100kb/s, -69dBm at 10kbs
	51 uW
	10 kbs; 
100kbs
	
N/A
	
none
	CMOS 90nm
	2010


3.2.2. [bookmark: _Hlk118405190]Heterodyne architecture with IF envelope detection
As shown in Figure 4, 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, such receiver architecure 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 digital signal processing by a compartor or multi-bit ADC. By IF operation, such receiver architecure 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 Heterodyne architecture with IF envelope detection

	reference
	Carrier frequency
	sensitivity
	Power consumtion
	Data rate
	Interference rejection
	oscillator
	tech
	year

	[7]
	2.4GHz
	−83dBm
	Active power: 227uw

(LNA achieves 27 dB voltage gain dissipating 55uw)
	1 Mb/s
	Image interference rejection through complex filter
	LC-VCO
phase noise of -132.85dBc/Hz at a 1MHz offset dissipating 78uw；
FLL reduce the frequeny error from 1.067MHz to 100kHz 
	CMOS 65nm
	2015

	[8]
	2.4 GHz
	−97 dBm
	Active power:
99 uw
	10 kb/s 
@-97dBm; 
50kb/s 
@-92dBm
	
a carrier-to-interferer ratio better than −27 dB
at 5 MHz offset, for a data rate of 10 kb/s at a 10−3 bit error
rate,	
	LC-VCO:
frequency error: 28.6ppm
dissipating 44uw, -101dBc/Hz phase noise at 1MHz offset
	CMOS 65nm
	2016



Observation 6  For heterodyne architecture with IF envelope detection, 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.
[bookmark: _Hlk118195931]
Observation 7  The reported sensitivity for heterodyne architecture with IF envelope detection in the literatures[7][8] is -83dBm~-97dBm with data rate tens of kbps to several Mbps under power consumption hundreds of uw.

3.2.3. Homodyne/zero-IF architecture with BB envelope detection
As shown in Figure 5, 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, such receiver architecture can aslo support low-power WUS reception in multiple bands flexibly. 
Observation 8    For homodyne/zero-IF architecture with BB envelope detection,  low-power solution on flicker noise and DC offset issue should be studied. 



Figure 5 Homodyne/zero-IF architecture with BB envelope detection


Observation 9 The reported sensitivity for homodyne/zero-IF architecture with baseband envelope detection in the literature[9] is −92.6dBm with data rate tens of kbps to hundreds of kbps under power consumption hundreds of uw.

	reference
	Carrier frequency
	sensitivity
	Power consumtion
	Data rate
	Interference rejection
	oscillator
	tech
	year

	[9] 
	2.4GHz
	−92.6dBm
	Active power: 667uw/495uw

	62.5kbps;250kbps
	Tolerate -40.5 dBm wifi adjacent channel blocker with 3 dB receiver desensitizatio
	LC-VCO
phase noise of -128dBc/Hz at a 20MHz offset dissipating 200uw
	CMOS 28nm
	2019


3.3. [bookmark: _Hlk115376326]Potential receiver architectures for FSK
3.3. [bookmark: _Hlk118566752]
3.3.1. Parallel OOK receivers based FSK detection
Regarding FSK detection based on parallel OOK receivers,  there are two parallel chains selecting one of the two frequencies and extracting the amplitude of the signal by envelope detection. The data are then generated by comparison of  the two ways of output signals.
For the frequency deviation between the two discrete frequencies f1 and f2, a small one provides deployment flexibility but requires BPFs with stringently narrow bandwidth for frequency selection of f1 and f2; a large one relax the requirements on BPFs but may cause resource waste as well as the deployment inflexibility. Specifically, for the frequency resouces between f1 and f2, if they can be occupied by legacy NR signals or other LP WUS, it causes strong interference to f1 and f2, but if not, resulting in low resource efficiency. Further, when heterodyne architecture with IF envelope detection or homodyne/zero-IF architecture with baseband envelope detection is applied for each chain, the frequency error of the oscillator will bring frequency offset around f1 and f2 which may deteriorates detection performance.
[bookmark: _Hlk118406243]Observation 10 Small frequency gap between two selected frequencies puts stringent requirement on bandpass/low pass filter, and large frequency gap puts constraint on low-power WUS deployment and results in low resource efficiency.
[bookmark: _Hlk118408469]Observation 11 For FSK detection based on parallel OOK receiver with heterodyne architecture with IF envelope detection or homodyne/zero-IF architecture, it is sensitive to the frequency error of oscillator.



Figure 6 Parallel OOK receiver based FSK detection
3.3.2. Frequency to amplitude conversion based FSK detection
3.3.2.1. Frequency to amplitude conversion: quadrature frequency discriminator
[bookmark: _Hlk118728639]A quadrature frequency discriminator in analog domain comprises of a phase shift network, an anolog multiplier and a low-pass filter. The phase shift network shifts the phase of incoming FM signal by an amount which is proportional to the instantaneous frequency.  One way to the multiplier is the input FM signal, and the other way to the multiplier is the input FM signal after being phase-shifted by the phase shift network. The two input signals are multiplied with the multiplication gain factor of the multiplier and thus, the frequency deviation is transformed into shifting of the phase. Finally after the amplitude detector, the shifting of the phase is reflected to amplitude difference. Consequently, a high precise phase shifting network is necessary to discriminate frequency deviation. 
In practice, the center frequency of the phase shift network may not be precisely aligned with the carrier frequency of the input FM signal, and thus, a DC offset will be generated which may cause blocking and increase the distortion level of the signal variation. The DC offset is a critical issue of this type of detector, which should be minimized. 
In general, the quadrature frequency discriminator is able to operate with relatively low input levels, typically down to levels of around 100 microvolts, corresponding to a sensitivity around -70dBm when input impedance matches to 50 ohm.  In [10], a sensitivity of -72dBm is achieved at data rate 3.2kHz with power consumption of 2.3mW. 


Figure 7 analog quadrature frequency discriminator
Observation 12  A high precise phase shifting network is necessary to discriminate frequency deviation.
Observation 13  The DC offset in analog quadrature FM discriminator deteriorates the detection performance.
Observation 14  A sensitivity level of around -70dBm with data rate several kbps under power consumption several milli watts is achieved by analog quadrature FM discriminator. 
3.3.2.2. Frequency to amplitude conversion: injection locked oscillator
Another way for frequency to amplitude conversion is based on injection locked oscillator (ILO), where the output amplitudes varying in accordance with the frequencies of the input signal. Specifically, there are two working modes of ILO: injection locked mode and pulled mode. 









When there isn’t any input/injection signal, assume the ILO oscillates at frequency. By properly selecting the amplitude and frequency of the input/injection signal, with frequency denoted as , the ILO will oscillate at  rather than  and injection locking occurs. In locking mode, the oscillator tracks the injected signal. The locking bandwidth can be denoted as . For input/injection signal frequency within the locking range , the ILO captures the injected FSK signal and produces an output signal with amplitude determined by its inherent bandpass frequency response. Due to the bandpass characteristic of the ILO, the maximum amplitude of the ILO output is obtained when =, while the minimum amplitude is obtained when . 
If the input/injected signal frequency is out of the locking range, the oscillator is pulled (instead of locked) by the external signal. The phase shift between input/injection signal and instantaneous oscillator signal varies with time, and an external frequency modulated signal is transformed into an amplitude-modulated signal when the ILO is in pulled mode. 
The locking range is critical for the detection performance, as a wide range will provide distinguishable amplitude variation accordingly. As discussed in [11-14], the locking range in an ILO is related to the injected signal amplitude and higher signal amplitude will provide larger locking range. Further, the locking range is sensitive to interference, as the locking range is getting narrower when the interferences are present.


Figure 8 frequency to amplitude conversion based on injection locked oscillator
Observation 15  The detection of injection locking based frequency to amplitude conversion depends on the locking range, which has the following characteristics:
· The locking range must be sufficiently wide so that the corresponding amplitude variation could be sufficiently large to be distinguishable by the envelop detector. 
· Higher input/injection signal amplitude provides larger locking range
· The locking range is sensitive to interference

[bookmark: OLE_LINK18][bookmark: OLE_LINK19]Observation 16  The reported sensitivity for FSK detection via injection locked oscillator in the literatures[11-14] is no lower than -78dBm with data rate hundreds kbps to several Mbps under power consumption tens to hundreds uw.

	reference
	Working mode 
	Carrier
frequency 
	sensitivity
	Power consumtion
	Data rate
	Frequency to amplitude conversion
	tech
	year

	[11] 
	Both Pulled mode and locked mode
	2.4 GHz
	−27 dBm
	120 μW
	500kbps
	
Injection locking LC-Oscilator 
	[bookmark: OLE_LINK14][bookmark: OLE_LINK15]CMOS 130nm
	2015

	[12]
	Locked mode
	902-928MHz
	-53dBm;-78dBm
	0.2uw;639uw
	100kbps for 0.2uw at -53dBm; 8Mbps for 639uw at -78dBm
	Injection locking oscilator
	CMOS 130nm
	2015

	[13]
	Both Pulled mode and locked mode
	80MHz
	-62dBm
	45uw (LNA 25uw, IL-DCO 10uw, baseband 4uw, digital 1uw)
	312kbps
	Injection locking DCO
	CMOS 180 nm
	2015

	[14]
	Locked mode
	433M
	-78dBm
	54uw
	200kb/s (BER <0.1%)
	Injection locking oscillator
	CMOS 180nm
	2021


3.4. Comparison on OOK and FSK detection
Requirements on frequeny resource
As illustrated in Figure 9, with given data rate, BFSK based low-power WUS requires two times of frequency resource as used by OOK based low-power WUS, since 0 and 1 in BFSK are represented by two different sets of frequency resouces, respectively. Furthermore, for better detection performance, certain frequency gap is reserved between the two set of frequency resouces, which is kept for blank to reduce interferences, requiring additional frequency resources.
 Observation 17  For given data rate, BFSK based low-power WUS requires at least two times of frequency resource as used by OOK based low-power WUS.


            
(a) OOK based WUS



(b) BFSK based WUS
Figure 9 Occupied frequency resource by OOK based WUS and BFSK based WUS

Requirements on receiver
For FSK detection based on parallel OOK receivers, as it involes parallel OOK chains for FSK detection, additional hardware modules are necessary, i.e., the BPF, envelop detector, sampling decision block, and etc.,  which will cause additional  power consumption, cost, and receiver size compared to OOK detection.
Similarly for FSK detection based on frequency to amplitude conversion, it requires an additional hardware module to implement frequency to amplitude conversion, e.g., phase shifting network which requires a precise phase shift to discriminate the frequency deviation, causing additional power consumption. 

Observation 18 For FSK detection based on parallel OOK receivers or frequency to amplitude conversion, it causes additional  power consumption, cost, and receiver size compared to OOK detection. 
4. Design on key modules of LP-WUR receiver
4. 
4.1. [bookmark: OLE_LINK8]Analog RF/IF/BB filter
[bookmark: _Hlk118302279]For low-power WUR architecture with mixer-first followed by amplitude detection, RF signal is down converted to low IF or BB, and thus, adjacent channel interference or adjacent subcarrier interferference can be filtered out at low 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 LPF, it is a trade-off between interference rejection performance and power consumption. For given low-power WUS signal bandwidth and receiver requirements on adjacent channel selectivity or adjacent subcarrier selectivity, the power consumption depends on the filter order, smaller filter order keeps lower power consumption but may require 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 IF BPF and BB LPF filter can be studied by considering the bandwidth of low-power WUS, receiver requirements on adjacent channel selectivity or adjacent subcarrier selectivity, minimum guardband between channel carrying low-power WUS and adjacent channel, minimum guardband between low-power WUS subcarriers and adjacenet subcarriers, as well as power consumption budget.
Observation 19     Analog RF filter is used for out-of-band interference rejection.
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Proposal 5    Study the followings related to the analog IF/BB filter, i.e., filter bandwidth by considering the bandwidth of low-power WUS, receiver requirements on adjacent channel selectivity or adjacent subcarrier selectivity, minimum guardband between channel carrying low-power WUS and adjacent channel, minimum guardband between low-power WUS subcarriers and adjacenet subcarriers, 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[15], 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 subcarrier interference (ASCI) and without ASCI. 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:ASCI in above figures means adjacent subcarrier 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.
[bookmark: _Hlk118729844]Proposal 6    Study multi-bit ADC, i.e., resolution and sampling rate by considering both power consumption budget and detection performance.
5. LS to RAN4
To facilitate the discussion on receiver architecture in RAN4 which will start in Feb. 2023, an LS shall be sent from RAN1 to RAN4. In the LS, the following information can be included:
1) The list of candidate receiver architectures and their descriptions, including the following types agreed in RAN1#110bis-e
a) Architecture with RF envelope detection 
b) Heterodyne architecture with IF envelope detection
c) Homodyne/zero-IF architecture with baseband envelope detection
2) RAN1 initial assessment of each candidate receiver architecture, based on the listed aspects agreed in RAN1#110bis-e
3) Specific questions to RAN4, including
a) Adjacent channel selectivity, in-channel selectivity (adjacent subcarrier selectivity), and minimum guardband between low-power WUS subcarriers and adjacent subcarriers.
b) The feasible values of noise figure for each type of receiver architecture
Proposal 7    RAN 1 sends an LS to RAN 4,  which includes the following information:
1) The list of candidate receiver architectures and their descriptions, including the following types agreed in RAN1#110bis-e
a) Architecture with RF envelope detection 
b) Heterodyne architecture with IF envelope detection
c) Homodyne/zero-IF architecture with baseband envelope detection
2) RAN1 initial assessment of each candidate receiver architecture, based on the listed aspects agreed in RAN1#110bis-e
3) Specific questions to RAN4, including
a) Adjacent channel selectivity, in-channel selectivity (adjacent subcarrier selectivity), and minimum guardband between low-power WUS subcarriers and adjacent subcarriers.
b) The feasible values of noise figure for each type of receiver architecture


6. Conclusion
In this contribution, we provide our views on the performance metrics as well as the potential LP-WUR receiver architectures with detailed components and the achieved performance from existing literatures. 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 Achievable sensitivity of the low-power WUR should be investigated along with the supported data rate.
Observation 3   The nosise figure of low-power WUR is larger than that of main radio.
Observation 4  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 5  The reported sensitivity for receiver architecture with amplitude detection at RF in the literatures[5][6]is -56.5dBm~-75dBm with data rate serval kbps to hundred kbps under power consumption less than 1uw to tens of uw.
Observation 6  For heterodyne architecture with IF envelope detection, 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 7  The reported sensitivity for heterodyne architecture with IF envelope detection in the literatures[7][8] is -83dBm~-97dBm with data rate tens of kbps to several Mbps under power consumption hundreds of uw.
Observation 8    For homodyne/zero-IF architecture with BB envelope detection,  low-power solution on flicker noise and DC offset issue should be studied. 
Observation 9 The reported sensitivity for homodyne/zero-IF architecture with baseband envelope detection in the literature[9] is −92.6dBm with data rate tens of kbps to hundreds of kbps under power consumption hundreds of uw.
Observation 10 Small frequency gap between two selected frequencies puts stringent requirement on bandpass/low pass filter, and large frequency gap puts constraint on low-power WUS deployment and results in low resource efficiency.
Observation 11 For FSK detection based on parallel OOK receiver with heterodyne architecture with IF envelope detection or homodyne/zero-IF architecture, it is sensitive to the frequency error of oscillator.
Observation 12  A high precise phase shifting network is necessary to discriminate frequency deviation.
Observation 13  The DC offset in analog quadrature FM discriminator deteriorates the detection performance.
Observation 14  A sensitivity level of around -70dBm with data rate several kbps under power consumption several milli watts is achieved by analog quadrature FM discriminator. 
Observation 15  The detection of injection locking based frequency to amplitude conversion depends on the locking range, which has the following characteristics:
· The locking range must be sufficiently wide so that the corresponding amplitude variation could be sufficiently large to be distinguishable by the envelop detector. 
· Higher input/injection signal amplitude provides larger locking range
· The locking range is sensitive to interference
Observation 16  The reported sensitivity for FSK detection via injection locked oscillator in the literatures[11-14] is no lower than -78dBm with data rate hundreds kbps to several Mbps under power consumption tens to hundreds uw.
Observation 17  For given data rate, BFSK based low-power WUS requires at least two times of frequency resource as used by OOK based low-power WUS.
Observation 18 For FSK detection based on parallel OOK receivers or frequency to amplitude conversion, it causes additional  power consumption, cost, and receiver size compared to OOK detection. 
Observation 19     Analog RF filter is used for out-of-band interference rejection.
Proposal 1: The main radio and low-power WUR exchange information between each other, such as 
· Low-power WUR gets initial configurations from the main radio (received from gNB configuration)
· Low-power WUR can indicate ‘wake-up’ to the main radio
· Low-power WUR can pass additional decoded messages to the main radio, these messages are processed and parsed in the main radio but agnostics to the low-power WUR
Proposal 2:  Study the metric for representing the sensitivity at certain data rate for low-power WUR, e.g., the sensitivity normalized to data rate.
Proposal 3  For each potential receiver architecture of low-power WUR, ask RAN 4 about the feasible values of noise figure.
Proposal 4 For each potential receiver architecture of low-power WUR, ask RAN 4 in the following aspects:
· The suggest receiver requirement on adjacent channel selectivity.
· The suggest receiver requirement on the adjacent subcarrier selectivity as well as the minimum guardband between low-power WUS subcarriers and adjacent subcarriers occupied by legacy NR signals or other low-power WUS.
Proposal 5    Study the followings related to the analog IF/BB filter, i.e., filter bandwidth by considering the bandwidth of low-power WUS, receiver requirements on adjacent channel selectivity or adjacent subcarrier selectivity, minimum guardband between channel carrying low-power WUS and adjacent channel, minimum guardband between low-power WUS subcarriers and adjacenet subcarriers, as well as power consumption budget.
Proposal 6    Study multi-bit ADC, i.e., resolution and sampling rate by considering both power consumption budget and detection performance.
Proposal 7    RAN 1 sends an LS to RAN 4,  which includes the following information:
4) The list of candidate receiver architectures and their descriptions, including the following types agreed in RAN1#110bis-e
a) Architecture with RF envelope detection 
b) Heterodyne architecture with IF envelope detection
c) Homodyne/zero-IF architecture with baseband envelope detection
5) RAN1 initial assessment of each candidate receiver architecture, based on the listed aspects agreed in RAN1#110bis-e
6) Specific questions to RAN4, including
d) Adjacent channel selectivity, in-channel selectivity (adjacent subcarrier selectivity), and minimum guardband between low-power WUS subcarriers and adjacent subcarriers.
e) The feasible values of noise figure for each type of receiver architecture
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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
	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 

	ASCI
	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
	AWGN

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