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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 meetings, it has been agreed a list of details of the receiver architectures for study, including receiver architectures for OOK detection, FSK detection and OFDM signal/channel detection. In this contribution, we provide the remaining issues on these receiver architectures. We firstly introduce how the information exchanged between low-power WUR and main radio. Then we discuss the performance metrics as well as the achieved performance for these receiver architectures in existing literatures. At last, we provide summary for each type of receiver architecture on relative power consumption, noise figure, interference rejection, and etc..
2. Low-power WUR receiver and main radio
Upon reception of low-power WUS, low-power WUR triggers main radio to switch on, otherwise, the main radio keeps in ultra deep sleep (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 1 Information exchanged between low-power WUS and WUR, 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: OLE_LINK7][bookmark: _Hlk118300513][bookmark: PP1]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



[bookmark: _Ref126864577]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[2], 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[3], 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][bookmark: OB1]Observation 1  Design on low-power WUR architecture is a trade-off of power consumption, sensitivity and data rate.
[bookmark: OB2]Observation 2 Achievable sensitivity of low-power WUR should be investigated along with the supported data rate.
[bookmark: PP2]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.
3.2. Receiver architectures for OOK detection
1. 
2. 
3. 
3.1. 
3.2. 
3.2.1.  Architecture with RF envelope detection
As shown in Figure 2, 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 information, and thus, interferences and target signal are superposed 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 and adjacent subcarrier interference, 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 effective 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. 
[bookmark: OB3]Observation 3  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.




[bookmark: _Ref126865300][bookmark: _Ref126864626]Figure 2 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[4] , which enables a long battery life for IoT devices. However, the sensitivity may be limited, e.g., -56.5dBm~-86dBm[4][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 moderate sensitivity requirement.
[bookmark: OB4]Observation 4  The reported sensitivity for receiver architecture with amplitude detection at RF in the literatures[4][5][6]is -56.5dBm~-86dBm with data rate serval kbps to hundred kbps under power consumption less than 1 uw to 10s of uw.

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

	[4]
	2.4GHz
	-56.5dBm
	236nw
	8.192kbps
	N/A
	none
	CMOS 65nm
	2016

	[5]
	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

	[6]
	780 to 950 MHz
	-86dBm at 10kbps
	123uw
	1kbps to 100kbps
	N/A
	none
	CMOS 90nm
	2014


3.2.2. [bookmark: _Hlk118405190]Heterodyne architecture with IF envelope detection
As shown in Figure 3, 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.



[bookmark: _Ref126865562]Figure 3 Heterodyne architecture with IF envelope detection

	ref
	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



[bookmark: OB5]Observation 5  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 caused by the frequency error of the LO can be further studied.
[bookmark: _Hlk118195931]
[bookmark: OB6]Observation 6  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 4, 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. 
[bookmark: OB7]Observation 7    For homodyne/zero-IF architecture with BB envelope detection,  low-power solution on flicker noise and DC offset issue should be studied. 



[bookmark: _Ref126865814]Figure 4 Homodyne/zero-IF architecture with BB envelope detection


[bookmark: OB8]Observation 8 The reported sensitivity for homodyne/zero-IF architecture with baseband envelope detection in the literature[9][10] is -91.5dBm to  −92.6dBm with data rate tens of kbps to hundreds of kbps under power consumption hundreds of uw.

	ref
	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

	[10]
	2.4GHz
	-91.5dBm
	578uw
	62.5kbps
	SIR of the 1st-adjacent channel is -45dB
	LC-VCO phase noise of -120.1dBc/Hz at 1MHz offset
	CMOS 40nm
	2020



3.2.4. Summary on the receiver architectures for OOK detection
The summary on the receiver architectures for OOK detection is given in Table 1 including hardware, relative active power consumption, sensitivity per date rates in literatures, interference rejection, guardband requirements, potential noise figure range as well as multi-band capability.
[bookmark: PP3]Proposal 3:  The relative power consumtion of LP-WUR ‘on’ state for OOK detection are 0.01x~0.1x unit for RF envelope detection,  0.1x~1x unit for heterodyne architecture with IF envelope detection, and 0.1x~1x unit for homodyne/zero-IF architecture with BB envelope detection.
[bookmark: _Ref127539848][bookmark: _Ref127539842]Table 1. Summary on the receive architectures for OOK detection
	
	RF envelope detection
	Heterodyne architecture with IF envelope detection
	Homodyne/zero-IF architecture with BB envelope detection

	Hardware (including potential sharing components of MR)
	Envelope detector first; possible to share RF BPF of MR
	Mixer first and envelope detection at IF;
 possible to share RF BPF of MR
	Mixer first with envelop detection in analog or digital BB; 
possible to share RF BPF of MR

	Active power consumption (relative)
	0.01x~0.1x unit
	0.1x～1x unit
	0.1x~1x unit

	Sensitivity@data rates in literatures
	915MHz:
-75dBm @ 100kb/s, 
-80dBm @10kb/s
-86dBm @ 10kbps 
	2.4GHz:
-97dBm @10 kb/s, 
-92dBm @50kb/s,
−83dBm @1Mb/s


	2.4GHz:
−91.5dBm, 92.6dBm@62.5kb/s

	Adjacent channel interference rejection & adjacent subcarrier interference rejection
	Matching network, RF BPF, guardband
	Matching network, IF BPF, guardband
	Matching network, BB BPF, guardband

	Co-channel interference rejection
	Multi-bit ADC, spreading
	Multi-bit ADC, spreading
	Multi-bit ADC, spreading

	Guardband & guard RB
	guard gap between WUS and other signals in the same channel, guardband for adjacent channel 
	guard gap between WUS and other signals in the same channel, guardband for adjacent channel
	guard gap between WUS and other signals in the same channel, guardband for adjacent channel

	Potential nosie figure
	[12-18] dB
	[9-15] dB
	[10-16] dB

	Multi-band capability
	Yes, if multiple high-Q RF BPFs are available
	Yes, via LO tuning
	Yes, via LO tuning


3.3. Potential receiver architectures for FSK detection
3. [bookmark: _Hlk118566752]
3.2. 
3.3. 
3.3.1. Parallel OOK receivers based FSK detection
For the frequency gaps among multiple frequencies or frequency sets, a small one provides deployment flexibility but requires stringent design on BPFs with sharp transition band for frequency differenciation; a large one relax the requirements on BPFs but may cause resource waste as well as the deployment inflexibility. 







Further, when each chain applies heterodyne architecture with IF envelope detection or homodyne/zero-IF architecture with baseband envelope detection, the frequency error of the oscillator will bring frequency offset  which brings further constraint on the frequency gaps among multiple frequencies or frequency sets. An illustrative example for single-subcarrier 2FSK detection by homodyne/zero-IF architecture is shown in Figure 5 Single-subcarrier 2FSK with frequency error. When downconversion to zero IF is performed, with a maximum frequency offset of the oscillator caused by the frequency error, the downconverted frequencies will be in the range of centered by the target one  e.g., for , after mixed with central frequency , it will fall into the range of  , and for , it will fall into the range of  . Therefore, the passband of RF BPF shall cover the frequency range caused by the frequency error, otherwise, the desired signal maybe filtered out. Accordingly, the frequency gap between two adjacent frequencies or two adjacent frequency sets should be not smaller than two times of the max frequency offset. 


[bookmark: _Ref126316187]Figure 5 Single-subcarrier 2FSK with frequency error 

[bookmark: OB9][bookmark: _Hlk118406243]Observation 9 For FSK receiver based on parallel OOK receivers with a heterodyne or zero-IF architecture, the frequency gap between two adjacent frequencies or two adjacent frequency sets should be not smaller than two times of the max frequency offsets. 
Regarding the frequency gap, whether it can be used by other DL signals/channels or other WUS signals is another issue to be studied. As discussed above, the frequency offset to the target frequency caused by the frequency error shall be included in the passband of the BPF, and thus, at least an amount of  the max frequency offset at each end of the frequency gap shall not be used by other DL signals/channels or other WUS signals.
[bookmark: OB10]Observation 10 For FSK receiver based on parallel OOK receivers with a heterodyne or zero-IF architecture, at least two times of the max frequency offsets within the frequency gap shall not be used by other DL signals/channels or other WUS signals.
With the parallel OOK receivers, FSK detection can reduce interference effects by comparing the outputs of multiple branches and extracts interfefrences before sampling decisions,  if the interferences across 2M frequencies or frequency sets are coherent. However, if the interferences are independent, it may not work. 
[bookmark: OB11]Observation 11 For FSK receiver based on parallel OOK receivers, interference rejection performance highly depends on  whether the interferences across 2M frequencies or frequency sets are coherent or not.
3.3.2. Frequency to amplitude conversion based FSK detection: 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 instantaneous frequency 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 [11], a sensitivity of -72dBm is achieved at data rate 3.2kHz with power consumption of 2.3mW. 


Figure 6 analog quadrature frequency discriminator
[bookmark: OB12]Observation 12  A high precise phase shifting network is necessary to discriminate frequency deviation.
[bookmark: OB13]Observation 13 The DC offset in analog quadrature FM discriminator deteriorates the detection performance.
[bookmark: OB14]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. 
At last, considering WUS signal may include sequence part, correlation-based sequence detection can be considered. Compared to analog sequence detection, it is easier to implement sequence detection in digital domain without addional hardware elements needed. In digital sequence detection,  the output soft information of ADC is expected to provide better detection performance than hard decision of 0, 1. However, for FSK carrying M bits, the output soft information from one of 2M codepoint cannot be directly applied to correlation-based detection, as the soft information of one codepoint cannot be used as the soft information of  the M information bits. Therefore, hard decision should be made before performing correlation-based sequence detection for FSK carrying M bit.
[bookmark: OB15]Observation 15  For FSK receiver, it is difficult to utilize soft information in correlation-based sequence detection for FSK carrying M bits.
3.3.3. Summary on the receiver architectures for FSK detection
The summary on the receiver architectures for FSK detection is given in Table 2 including hardware, relative active power consumption, sensitivity per date rates in literatures, interference rejection, guardband requirements, as well as multi-band capability.
[bookmark: _Ref127540399]Table 2. Summary on the receive architectures for FSK detection
	
	Based on parallel RF/IF/BB envelop detection
	Based on frequency to amplitude conversion
(via phase shifting network)

	Whether support single-tone FSK or multi-tone FSK
	both
	Single-subcarrier FSK only

	Hardware (including potential sharing components of MR)
	2M parallel paths of RF/IF/BB envelop detection for M-bit FSK; possible to share RF BPF of MR
	Phase shifting network is needed;
possible to share RF BPF of MR

	Active power consumption (relative)
	0.01x~1x unit

	1x unit

	Sensitivity@data rates in literatures
	Not available
	455kHz:
-72dBm @3.2 kb/s,




	Adjacent channel interference rejection & adjacent subcarrier interference rejection
	Matching network, RF /IF/BB BPF, guardband
	Matching network, IF/BB BPF, guardband

	Co-channel interference rejection
	Multi-bit ADC, spreading
	Phase shifting network

	Frequency gaps among multiple frequencies or frequency sets
	Frequency gaps can be used for other DL signals/channels transmission
	Frequency gaps shall not be used

	Guardband & guard RB
	guard RB between WUS and other signals in the same channel, guardband for adjacent channel ;
guard RB between multiple frequencies or frequency sets
	guard RB between WUS and other signals in the same channel, guardband for adjacent channel ;
guard RB between multiple frequencies or frequency sets

	Multi-band capability
	Yes, via multiple high-Q RF BPFs or LO tuning
	Yes, via LO tuning



[bookmark: PP4]Proposal 4:  The relative power consumption of LP-WUR ‘on’ state for FSK detection are 0.01x~1x unit for parallel RF/IF/BB envelop detection based receiver and 1x unit for frequency to amplitude conversion based receiver.
3.4. Receiver architectures for OFDM detection
3.4.1. Potential power reduction for the receiver architecture for OFDM detection
According to agreements in RAN1# 112 meeting, compared to the main radio, the potential power reduction for the OFDM receiver targeting low power may come from, e.g.,  Lower performance LNA/amplifier, Oscillator/PLL with relaxed performance requirements, ADC with lower sampling rate and smaller bit-width, and reduced BB processing complexity compared to the MR.
In the following, we provide our analysis for potential power reduction for these aspects, respectively.
· Lower performance LNA/amplifier
LNA works to ampify the weak input signal to a more useful level for subsequent RF processing. When it may not be challenge to provide gain, the noise added to the weak input signal by LNA should be carefully considered. For LNA, the primary parameters include noise figure, gain, linearity and the power consumption. In [22], a comparison of LNA architectures is provided as given below.  It is observed that the common gate type provides 10~20dB gain with 3-5dB noise figure under power consumption up to 5mW, and the inductive degeneration type provides 15~25dB gain with up to 2dB noise figure under power consumption larger than 10mw.
Table 3. Comparison of LNA architectures [22]
	
	Resistive Termination
	Common Gate
	Shunt Feedback
	Inductive Degeneration

	Noise Figure
	>6dB
	3~5dB
	2.8~5dB
	~2dB

	Gain
	10~20dB
	10~20dB
	10~20dB
	15~25dB

	Sensitivity to Parasitic
	Less
	Less
	Less
	Large

	Input Matching
	Easy
	Easy
	Easy
	Complex

	Linearity
	-10~10dBm
	-5~5dBm
	-5~5dBm
	-10~0dBm

	Power
	1~50mW
	~5mW
	>15mW
	>10mW

	Highlight
	Effortless input matching
	Easy input matching
	Broadband input/out matching
	Good narrowband Matching, small NF

	Drawback
	Large NF
	Large NF
	Stability
	Large area



[bookmark: _Hlk134715378]Further, the primary parameters of two commercial LNAs are summarized in Table 4. It is observed that several milliwatts to twenty milliwatts around are required to achieve noise figure around 1dB and gain around 15dB, for the operating frequencies including 2.6GHz. 
[bookmark: _Ref135053588][bookmark: _Ref135053563]Table 4. List of primary parameters of LNAs
	
	BGU8H1[23]
	RF2374[24]

	manufacture
	NXP
	RFMD

	Noise figure
	0.9dB
	1.5dB

	Gain
	13dB
	12.5-16dB (2.3GHz-2.7GHz)

	Power consumption
	7.5mw~15.5mw
(Supply voltage 1.5 V to 3.1 V; Optimized performance at a supply current of 5.0 mA)
	12.6mw~28mw 
(2.3GHz-2.7GHz: current 7mA, voltage 1.8V to 4V) 

	Operating frequency
	2.3 GHz to 2.69 GHz
	800MHz to 3.8GHz


Also, there are some LNA design with lower power in literatures, as summarized in Table 5. 
[bookmark: _Ref135053706]Table 5. LNA in literatures
	
	Ref 1[25]
	Ref 2[26]

	Noise figure 
	Minimum 2.7dB at 1.2GHz with degraded performance at the lower and
higher frequencies
	3.3-4.3 dB

	Gain 
	19.6dB with a 3dB bandwidth of 0.25-to-3GHz
	peak gain of 16.3 dB over a 3-dB bandwidth of 0.8–13.2 GHz

	Power consumption
	3.4mW
	3.2mw

	Operating frequency
	0.25-to-3GHz
	2.2~13.2GHz


To summarize, at target frequencies of LP-WUR, i.e., 2.6GHz or 700MHz, the power consumption of some commercial LNAs consumes power from several milliwatts to twenty milliwatts around. The power consumption of LNA can be further reduced with noise figure increased, e.g, down to 1mw around with noise figure around 5dB.
[bookmark: OB16]Observation 16  For OFDM receiver architecture with reduced complexity, the power consumption of LNA reduced to 1milliwatt around can be considered with larger noise figure compared to the main radio, e.g., NF=5dB. 
· Oscillator/PLL with relaxed performance requirements
In general, the XO with low power consumption brings low frequency stability. The features of three commercial XOs are summarized in Table 6. to give some illustration. It is observed that SiT8021provides frequency stability of 50ppm-100ppm (depending on temperature) under sub milliwatt power consumption, and SiT5008 and JT22S provide frequency stability of 2ppm-10ppm (depending on temperature) under several milliwatts power consumption. Considering OFDM detection is sensitive to frequency error, at least several milliwatts are needed for XO to provide a promising frequency stability. Futher, increased frequency error causes the OFDM detection performance degradation, which is given in Figure 7, it is observed there is almost 3.5dB at 1% BLER due to 5ppm frequence offset.
[image: ]
[bookmark: _Ref135044039]Figure 7  Performance of OFDM detection with frequency error
[bookmark: OB17]Observation 17  For OFDM receiver architecture with reduced complexity, several milliwatts can be considered for XO to provide frequency stability around 10ppm or less. 


[bookmark: _Ref134735714]Table 6. List of primary parameters of XOs
	
	Si Time[27]
	Si Time[28]
	Jauch Quartz[29]

	Product serial
	 SiT8021 (0.1mw)
	SiT5008 (6.3mw)
	JT22S (2.7mw-8.25mw)

	Feature description
	· Low power consumption: 0.1 mw @ 3.072MHz
· Operating voltage range: 1.62 V to 3.63 V. 
· Operating temperature range: -40 to +85°C.
· output frequency range: 1 to 26 Mhz
· Frequency stability: 100ppm, 50ppm
· Current consumption: 60uA-230uA
	· Low power consumption: 6.3mW typical
· Operating voltage range: 1.8 V to 3.3 V. 
· Operating temperature range: -40 to +85°C.
· output frequency range: 10 to 60 MHz
· Frequency stability: 2ppm, 10ppm
· Current consumption: 3.6mA-3.9mA
	· Low power consumption: 2.7mW minimum
· Operating voltage range: 1.8 V to 3.3 V. 
· Operating temperature range: -40 to +85°C.
· output frequency range: 10 to 52 MHz
· Frequency stability: 2ppm@25C and max 5ppm increase according to temperature
· Current consumption: 1.5mA-2.5mA


[bookmark: _GoBack]PLL including VCO occupies major part of the power consumption for RF front end. PLL generally comprises of  four blocks: phase comparator, charge pump and loop filter, VCO, and divider. The features of three commercial PLLs with frequency range including target frequency are summarized in Table 7 to give some illustration. To pursue low power target, STuW81300 from ST Microelectronic seems too high, and LMX2470 and LMX2485x from Texas Instruments can be considered for the target frequency 2.6GHz. However, PLL with lower power consumption generally causes higher phase noise, which should be considered in the performance evaluation of OFDM signal detection, as illustrated in Figure 8, it is observed there is  almost 2.5dB performance loss at 1% BLER for the case with phase noise taking c=2.4*e-16 derived from 120uw free-running oscillator, compared with the case with no phase noise. While, the performance loss is marginal for the case with phase noise taking c=2.93*e-17 derived from 1mw oscillator. Evaluation assumptions and further details can refer to our companion contribution17[34]. Further, it is noted that the simulated phase noise is derived from the minimum phase noise corresponding to given power consumption of oscillator in theoretical analysis, which may not be achieved in practical cases. And thus, adequate power should be reserved for the PLL to merge the gap between practical achievement and theoretical lower bound. 
[image: ]
[bookmark: _Ref135044008][bookmark: _Ref135044004]Figure 8  Performance of OFDM detection with phase noise
[bookmark: OB18]Observation 18  For OFDM receiver architecture, around ten milliwatts can be considered for PLL with promising phase noise. 
[bookmark: _Ref134815688][bookmark: _Ref134815683]Table 7. List of primary parameters of PLLs
	
	ST Microelectronic[30]
	TEXAS INSTRUMENTS[31]
	TEXAS INSTRUMENTS[32]

	Product serial
	STuW81300 (around 300mw)
	LMX2470 (10mw)
	LMX2485x (12.5mw-18mw)

	Feature description
	· PLL miscellaneous current consumption: 16mA: reference clock signal @100MHz, PFD@50MHz, VCO @4005MHz
· Supply voltage: 3v- 5.4 v
· Crystal reference frequency:10-50MHz
· Crystal power dissipation: 5mw
· Crystal oscillator accuracy: 10ppm
· VCO power consumption: @4G Hz and 4.5v supply, 57mA
· Maximum phase frequency detector :100 MHz
· Operating temperature range: -40 to +85°C.
· Clock output frequencies: 1.925GHz to 16GHz.

	· Low power consumption: 4.1mA (typical) @2.5v
· Maximum phase frequency detector :30 MHz
· Operating temperature range: -40 to +85°C.
· Clock output frequencies: 500MHz to 2.6GHz

	· Low power consumption: – 2.5 to 3.6 V Operation With ICC = 5.0 mA
· Maximum phase frequency detector :50 MHz
· Operating temperature range: -40 to +85°C.
· Clock output frequencies: 50MHz to 3GHz.



 
· ADC with lower sampling rate and smaller bit-width
The power consumption of ADC depends on the resolution and sampling rate. As summarized in [21], in walden FoM(figure of merit) as shown in Figure 9, FOM is calculated as FOM = Power / Fs / (2^ENOB), where
· Power = power of the ADC
· Fs = Nyquist sample rate
· ENOB = "effective number of bits", which is either reported in the paper, or calculated from SNDR (in dB): ENOB = (SNDR_dB-1.76)/6.02
For LP-WUS signal bandwidth of 3.84MHz, Fs=7.68MHz, the power of ADC under different ENOB and FOM =200fJ/conv-step are given below. From the calculation, it seems that the power consumption of ADC is limited, e.g., smaller than 1mw. 
Table 8. 
	
	 ADC resolution (ENOB=4bits)
	ADC resolution (ENOB=8bits)

	FOM=200fJ/conv-step
	24.5uw
	392uw




[image: ]
[bookmark: _Ref134727490]Figure 9 Walden FoM vs. Nyquist sample rate[21]
[bookmark: OB19]Observation 19  For OFDM receiver architecture, the power consumption of ADC is less than 1mw, for resolution 4-8 bits and 7.68MHz sampling rate.
· Reduced BB processing complexity 
For the BB processing part, it involves the power consumption of FFT and the sequence detection processing.  The power consumption of FFT depends on the signal bandwidth and the FFT size, and it may not be needed if sequence detection can be performed in time domain. The power consumption of sequence detection depends on the number of hypothesises performed to make a decision, which depends on the time error and frequency error. 

It may not be easy to concretely derive the actual power consumption of reduced BB processing, but based on the measurement power consumption of subcomponents of WUR in [18], a ratio of power consumption of RF part to BB processing can be roughly derived by . Considering the analysis above on LNA and PLL, a total of 10-15 milliwatts can be considered for the RF part, and thus, a total of 20-30 milliwatts for the RF part and BB processing part. By further including the power consumption of XO, interface, and others, 5-10 milliwatts can be added. A total of 25milliwatts to 40milliwatts is estimated for the OFDM receiver with reduced complexity. 
[bookmark: OB20]Observation 20  For OFDM receiver architecture, a ratio 1:1 for power consumption of RF part to BB processing part can be considered.
[bookmark: OB21]Observation 21  For OFDM receiver architecture, a total of 25milliwatts to 40milliwatts is estimated from the subcomponents with reduced complexity. 
Further, in literatures, there also exist some designs to reduce power consumption of OFDM receiver by relaxing hardware requirements, e.g., phase noise performance can be relaxed if such receiver performs sequence detection only, and thus, the power consumption of oscillator and PLL can be reduced. With certain relaxed hardware requirements, the hardware components are typically different from the ones used in normal OFDM receiver. Furthermore, the detection performance of OFDM signal highly depends on the relaxed hardware requirements. Less power consumption can be achieved by looser hardware requirements, but causing worse detection performance. The reported performance of OFDM receiver with low power consumption in the literatures are summarized in , it is observed that the reported values mainly fall into level of  tens of milliwatts.
Table 9. Summary on OFDM receiver with relaxed hardware requirements in literatures
	Reference
	Carrier frequency
	Sensitivity
	Power consumtion
(mw)
	Demo
/commercial
	Year

	[12]
	2.4GHz
	-76dBm
	42
	Demo
	2014

	[13]
	930MHz
	-92dBm
	18.9
	Demo
	2015

	[14]
	750-960MHz
	N/A
	25
	Demo
	2017

	[15]
	450-2220MHz
	-140dBm
	11.8
	Demo
	2019

	[16]
	2.2GHz
	-111.9dBm
	56
	Demo
	2020

	[17]
	2.2GHz
	-125dBm
	50
	Demo
	2020

	[18]
	LTE
	N/A
	57(WUR ON)
16(WUR OFF)
	Demo
	2021

	[19]
	750-960MHz
	-109dBm
	2.1
	Demo
	2021

	[20]
	700-2200MHz
	-114dBm
	43.9
	commercial
	Nrf9160 rev2



[bookmark: OB22] Observation 22  The reported values of OFDM receiver with low power consumption in literatures mainly fall into level of  tens of milliwatts.
On the other hand, the relative power consumption level for OFDMA-based signals/channels detection can be also analyzed based on the power consumption defined for RedCap. In TR 38.875, the power consumption of SSB/CSI-RS processing can be used as a reference, i.e., 50 units and 35 units defined for NR RedCap 2RX UE and 1RX UE, respectively. As discussed in [33], the ON/OFF of hardware subcomponents for light sleep includes XO ‘ON’, RF / front-end ‘OFF’, baseband modem ‘ON’, control processor ‘Active’ and DDR memory ‘Active’; micro sleep includes XO ‘ON’, RF / front-end ‘OFF(partial)’, baseband modem ‘ON’, control processor ‘Active’ and DDR memory ‘Active’.  Considering the relative power for light sleep and microsleep is 18 and 24.8 units for 1RX RedCap UE, the total power for RF/front-end on and BB processing can be calculated by (Pmicrosleep-Plightsleep)+（PSSB-Pmicrosleep ）=17 units. Assume that the OFDM receiver with reduced complexity can reduce half of the power consumption for RF/front-end and BB processing.  By further add the power of XO, control processor and DDR memory, at least 10 units can be assumed as WUR-ON for such optimized OFDM receiver. 
[bookmark: OB23]Observation 23  For OFDM receiver architecture with reduced complexity, at least 10 units can be assumed as relative power consumption of WUR-ON. 
[bookmark: _Hlk134195867]Regarding to the WUR-OFF power for the OFDM receiver with reduced complexity, as OFDM detection is sensitive to frequency error, XO may not be switched off even when it is in WUR-OFF state. Otherwise, the maximum frequency error of the oscillator will be applied to calculate frequency offset, which may not satisfy time/frequency requirements. Refering to the power consumption of three commercial XOs in Table 6., it is observed that 0.1 mw is needed for XO with 100 ppm around and several milliwatts are needed for higher frequency stability, i.e., 5ppm or 10ppm. As in WUR-OFF, all other subcomponents are OFF or in low power, the power consumption of XO can be used as the WUR-OFF power roughly. Further, to derive the relative power consumption of WUR-OFF, the power consumption of RTC can be used as a reference. Considering 0.001 is assumed for WUR OFF with RTC on and RTC typically consumes several microwatts, the power consumption of XO can be normalized as below:
· XO with 50ppm-100 ppm: 0.1mw(XO)/2uw(RTC)=50 times
· XO with 5ppm-10ppm: 1mw(XO)/2uw(RTC)=500 times
Therefore the relative power consumption of WUR-OFF are:
· WUR-OFF value 1: 0.001*50=0.05 units
· WUR-OFF value 2: 0.001*500=0.5 units
[bookmark: PP5][bookmark: OB24]Proposal 5    The relative power consumptions of LP-WUR for OFDMA-based signals/channels detection are given as:
· LP-WUR ‘on’ state, i.e., the LP-WUR performs monitoring: 
· 10 units(reduced complexity OFDM receiver), 
· 35units(normal OFDM receiver)
· LP-WUR ‘off’ state, i.e., the LP-WUR does not perform monitoring: 
· WUR-OFF value 0=0.001units  (Note: XO is not in ‘active mode’, memory is not kept, only RTC is running)
· WUR-OFF value 1=0.05units (Note: XO is in ‘active mode’, assuming XO option 1/2)
· WUR-OFF value 2=0.5units (Note: XO is in ‘active mode’, assuming XO option 3/4)
3.4.2. Summary on the receiver architectures for OFDM detection
The summary on the receiver architectures for OFDM detection is given in Table 10, including hardware, subcomponents with reduced complexity,  relative power consumption, noise figure as well as multi-band capability.
[bookmark: _Ref135060035]Table 10. Summary on OFDM receiver with relaxed hardware requirements in literatures
	
	NR OFDM receiver
(1RX RedCap UE)
	OFDM receiver with reduced complexity

	Hardware (including potential sharing components of MR)
	Fully hardware sharing is possible
	possible to share RF BPF of MR

	Subcomponents with reduced complexity
	None
	· LNA: yes, e.g., 1mw around with NF=5dB around
· XO: yes, e.g., several mw with 10ppm and less
· PLL: yes, e.g., 10mw
· ADC: yes, e.g., 4bit resolution &7.68MHz sampling rate, e.g., smaller than 1mw
· BB: yes, sequence detection only

	Active power consumption (relative)
	35units
	10units

	WUR-OFF power consumption (relative)
	0.001 units*note1
	· 0.001units*note1
· 0.05units*note2
· 0.5units*note3

	Potential nosie figure
	7 dB
	[9-15] dB

	Multi-band capability
	Yes, via LO tuning
	Yes, via LO tuning

	Note 1: XO is not in ‘active mode’, memory is not kept, only RTC is running
Note 2: XO is in ‘active mode’, assuming XO option 1/2
Note 3: XO is in ‘active mode’, assuming XO option 3/4



4. Conclusion
In this contribution, we provide our views on the remaining issues for the potential LP-WUR receiver architectures. 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 low-power WUR should be investigated along with the supported data rate.
Observation 3  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 4  The reported sensitivity for receiver architecture with amplitude detection at RF in the literatures[4][5][6]is -56.5dBm~-86dBm with data rate serval kbps to hundred kbps under power consumption less than 1 uw to 10s of uw.
Observation 5  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 caused by the frequency error of the LO can be further studied.
Observation 6  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 7    For homodyne/zero-IF architecture with BB envelope detection,  low-power solution on flicker noise and DC offset issue should be studied. 
Observation 8 The reported sensitivity for homodyne/zero-IF architecture with baseband envelope detection in the literature[9][10] is -91.5dBm to  −92.6dBm with data rate tens of kbps to hundreds of kbps under power consumption hundreds of uw.
Observation 9 For FSK receiver based on parallel OOK receivers with a heterodyne or zero-IF architecture, the frequency gap between two adjacent frequencies or two adjacent frequency sets should be not smaller than two times of the max frequency offsets. 
Observation 10 For FSK receiver based on parallel OOK receivers with a heterodyne or zero-IF architecture, at least two times of the max frequency offsets within the frequency gap shall not be used by other DL signals/channels or other WUS signals.
Observation 11 For FSK receiver based on parallel OOK receivers, interference rejection performance highly depends on  whether the interferences across 2M frequencies or frequency sets are coherent or not.
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  For FSK receiver, it is difficult to utilize soft information in correlation-based sequence detection for FSK carrying M bits.
Observation 16  For OFDM receiver architecture with reduced complexity, the power consumption of LNA reduced to 1milliwatt around can be considered with larger noise figure compared to the main radio, e.g., NF=5dB. 
Observation 17  For OFDM receiver architecture with reduced complexity, several milliwatts can be considered for XO to provide frequency stability around 10ppm or less. 
Observation 18  For OFDM receiver architecture, around ten milliwatts can be considered for PLL with promising phase noise. 
Observation 19  For OFDM receiver architecture, the power consumption of ADC is less than 1mw, for resolution 4-8 bits and 7.68MHz sampling rate.
Observation 20  For OFDM receiver architecture, a ratio 1:1 for power consumption of RF part to BB processing part can be considered.
Observation 21  For OFDM receiver architecture, a total of 25milliwatts to 40milliwatts is estimated from the subcomponents with reduced complexity. 
 Observation 22  The reported values of OFDM receiver with low power consumption in literatures mainly fall into level of  tens of milliwatts.
Observation 23  For OFDM receiver architecture with reduced complexity, at least 10 units can be assumed as relative power consumption of WUR-ON. 
 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:  The relative power consumtion of LP-WUR ‘on’ state for OOK detection are 0.01x~0.1x unit for RF envelope detection,  0.1x~1x unit for heterodyne architecture with IF envelope detection, and 0.1x~1x unit for homodyne/zero-IF architecture with BB envelope detection.
Proposal 4:  The relative power consumption of LP-WUR ‘on’ state for FSK detection are 0.01x~1x unit for parallel RF/IF/BB envelop detection based receiver and 1x unit for frequency to amplitude conversion based receiver.
Proposal 5    The relative power consumptions of LP-WUR for OFDMA-based signals/channels detection are given as:
· LP-WUR ‘on’ state, i.e., the LP-WUR performs monitoring: 
· 10 units(reduced complexity OFDM receiver), 
· 35units(normal OFDM receiver)
· LP-WUR ‘off’ state, i.e., the LP-WUR does not perform monitoring: 
· WUR-OFF value 0=0.001units  (Note: XO is not in ‘active mode’, memory is not kept, only RTC is running)
· WUR-OFF value 1=0.05units (Note: XO is in ‘active mode’, assuming XO option 1/2)
· WUR-OFF value 2=0.5units (Note: XO is in ‘active mode’, assuming XO option 3/4)

References
[1] [bookmark: _Ref118302750]RP-222644	Revised SID: Study on low-power Wake-up Signal and Receiver for NR, vivo, RAN #94 e-meeting.
[2] [bookmark: _Ref118303904][bookmark: _Ref118316818]Low power radio survey, https://wics.engin.umich.edu/ultra-low-power-radio-survey
[3] [bookmark: _Ref118714528]P.H.Wang, H.W. Jiang, L. Gao, " A Near-Zero-Power Wake-Up Receiver Achieving −69-dBm Sensitivity,“IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 53, NO. 6, JUNE 2018
[4] [bookmark: _Ref118303932]N.E.Roberts, et.al, “A 236nw -56.5dBm sensitivity Bluetooth low-energy wake up receiver with energy harvesting in 65nm CMOS,” IEEE ISSCC, 2016.
[5] [bookmark: _Ref118403002]X. Huang, S. Rampu, X. Wang, G. Dolmans and H. de Groot, “A 2.4GHz/915MHz 51µW wake-up receiver with offset and noise suppression,” 2010 IEEE International Solid-State Circuits Conference - (ISSCC), 2010.
[6] [bookmark: _Ref131086967]X. Huang, P. Harpe, G. Dolmans, H. de Groot and J. R. Long, "A 780–950 MHz, 64–146 µW Power-Scalable Synchronized-Switching OOK Receiver for Wireless Event-Driven Applications," in IEEE Journal of Solid-State Circuits, vol. 49, no. 5, pp. 1135-1147, May 2014, doi: 10.1109/JSSC.2014.2307056.
[7] [bookmark: _Ref118568181]L. Jae-Seung, K. Joo-Myoung, L. Jae-Sup, et.al, “13.1 A 227pJ/b −83dBm 2.4GHz multi-channel OOK receiver adopting receiver-based FLL,” 2015 IEEE International Solid-State Circuits Conference - (ISSCC) Digest of Technical Papers, 2015.
[8] [bookmark: _Ref118568192]C. Salazar, A. Cathelin, A. Kaiser and J. Rabaey, “A 2.4 GHz Interferer-Resilient Wake-Up Receiver Using A Dual-IF Multi-Stage N-Path Architecture,”in IEEE Journal of Solid-State Circuits, vol. 51, no. 9, pp. 2091-2105, Sept. 2016.
[9] [bookmark: _Ref118568228]R. Liu et al., “An 802.11ba-based wake-up radio receiver with Wi-Fi transceiver integration”, IEEE J. Solid-State Circuits, vol. 55, no. 5, pp. 1151-1164, May 2020.
[10] [bookmark: _Ref131088166]J. Im et al., “A Fully Integrated 0.2V 802.11ba Wake-Up Receiver with -91.5dBm Sensitivity”, 2020 IEEE Radio Frequency Integrated Circuits Symposium (RFIC).
[11] [bookmark: _Ref118568273]Po-Chiun Huang, Yi-Huei Chen, et.al, “A 2-V CMOS 455 kHz FM/FSK demodulator using feedforward offset cancellation limiting amplifier,” Proceedings of Second IEEE Asia Pacific Conference on ASICs. AP-ASIC 2000. 
[12] [bookmark: _Ref127538600][bookmark: _Ref127538068][bookmark: OLE_LINK14][bookmark: OLE_LINK15]J. -H. C. Zhan et al., "A 55nm CMOS 4-in-1 (11b/g/n, BT, FM, and GPS) radio-in-a-package with IPD front-end components directly connected to antenna," 2014 IEEE Radio Frequency Integrated Circuits Symposium, Tampa, FL, USA, 2014, pp. 209-212.
[13] [bookmark: _Ref127538614]X. Yu et al., "A Sub-GHz low-power transceiver with PAPR-tolerant power amplifier for 802.11ah applications," 2015 IEEE Radio Frequency Integrated Circuits Symposium (RFIC), Phoenix, AZ, USA, 2015, pp. 231-234.
[14] [bookmark: _Ref127538047]Z. Song, X. Liu, X. Zhao, Q. Liu, Z. Jin and B. Chi, "A Low-Power NB-IoT Transceiver With Digital-Polar Transmitter in 180-nm CMOS," in IEEE Transactions on Circuits and Systems I: Regular Papers, vol. 64, no. 9, pp. 2569-2581, Sept. 2017.
[15] [bookmark: _Ref127537887]P. S. Tseng et al., "A 55nm SAW-Less NB-IoT CMOS Transceiver in an RF-SoC with Phase Coherent RX and Polar Modulation TX," 2019 IEEE Radio Frequency Integrated Circuits Symposium (RFIC), Boston, MA, USA, 2019, pp. 267-270.
[16] [bookmark: _Ref127538056]H. Guo, T. F. Chan, Y. T. Lai, K. C. Wan, L. Chen and W. P. Wong, "A SAW-Less NB-IoT RF Transceiver with Hybrid Polar and On-Chip Switching PA Supporting Power Class 3 Multi-Tone Transmission," 2020 IEEE International Solid- State Circuits Conference - (ISSCC), San Francisco, CA, USA, 2020, pp. 464-466.
[17] [bookmark: _Ref127538052]Lee et al., "NB-IoT and GNSS All-in-One System-on-Chip Integrating RF Transceiver, 23dBm CMOS Power Amplifier, Power Management Unit and Clock Management System for Low-Cost Solution," 2020 IEEE International Solid- State Circuits Conference - (ISSCC), San Francisco, CA, USA, 2020, pp. 462-464.
[18] [bookmark: _Ref127556161]S. Rostami, K. Heiska, O. Puchko, K. Leppanen and M. Valkama, "Novel Wake-up Scheme for Energy-Efficient Low-Latency Mobile Devices in 5G Networks," in IEEE Transactions on Mobile Computing, vol. 20, no. 4, pp. 1511-1528, 1 April 2021.
[19] [bookmark: _Ref127538019]T. J. Odelberg et al., "A 2.1mW −109dBm NB-IoT Wake-Up Receiver", IEEE RFIC, pp. 235-238, 2021.
[20] [bookmark: _Ref127555006]https://devzone.nordicsemi.com/power/w/opp/3/online-power-profiler-for-lte
[21] [bookmark: _Ref118453117]B. Murmann, "ADC Performance Survey 1997-2022," [Online]. Available: https://github.com/bmurmann/ADC-survey.
[22] [bookmark: _Ref134709463]H.Zhang, et al., Low noise amplifiers. Available: https://people.engr.tamu.edu/s-sanchez/Heng_LNA.pdf
[23] [bookmark: _Ref134712197]NXP LNA. Available: https://www.mouser.com/datasheet/2/302/BGU8H1-2303138.pdf
[24] [bookmark: _Ref134712207]RFMD LNA. Available: https://www.mouser.com/datasheet/2/412/RF2374_Data_Sheet-1500557.pdf
[25] [bookmark: _Ref135057907]Z. Liu, C. C. Boon, C. Li, K. Yang, Y. Dong and T. Guo, "A 0.0078mm2 3.4mW Wideband Positive-feedback-Based Noise-Cancelling LNA in 28nm CMOS Exploiting $\boldsymbol{G}_{\mathrm{m}}$ Boosting," 2022 IEEE International Solid- State Circuits Conference (ISSCC), San Francisco, CA, USA, 2022, pp. 1-3, doi: 10.1109/ISSCC42614.2022.9731719.
[26] [bookmark: _Ref135057345]L.Zhang, et al., ‘A 3.2 mW 2.2–13.2 GHz CMOSDifferential Common-Gate LNA for Ultra-Wideband Receivers’, IEEE/MTT-S International Microwave Symposium-IMS 2022
[27] [bookmark: _Ref134718243]SiT8021, SiTime, https://www.sitime.com/support/resource-library/datasheets/sit8021-datasheet
[28] [bookmark: _Ref134718255]SiT5008, SiTime, https://www.sitime.com/support/resource-library/datasheets/sit5008-datasheet
[29] [bookmark: _Ref134718265]JT22S,Jauch Quartz. Available: https://www.jauch.com/downloadfile/5ef1edcd80b3cd00a42079db3ba5d3b10/jt22s-sv.pdf
[30] [bookmark: _Ref134816045]STuW81300, ST Microelectronic, https://www.st.com/en/wireless-connectivity/stuw81300.html
[31] [bookmark: _Ref134816055][bookmark: OLE_LINK3][bookmark: OLE_LINK4]LMX2470, TEXAS INSTRUMENTS, https://www.ti.com/lit/ds/symlink/lmx2470.pdf?ts=1683603424588&ref_url=https%253A%252F%252Fwww.google.com.hk%252F
[32] [bookmark: _Ref134816062]LMX2485x, TEXAS INSTRUMENTS, https://www.ti.com/lit/ds/symlink/lmx2485.pdf?ts=1683620194122&ref_url=https%253A%252F%252Fwww.google.com.hk%252F
[33] [bookmark: _Ref134734065]R1-1811281, UE Power Saving Evaluation Methodology, Qualcomm, RAN WG1 Meeting #94bis.
[34] [bookmark: _Ref135042542]R1-2304502, Discussion on physical signal and procedure for low power WUS, vivo, RAN WG1 Meeting #113.

image1.emf
Main radio

off or deep/light/micro sleep

Low power WUR on

UE

Trigger and/or 

report message

Low power WUS

Configure 

LP-WUR


Microsoft_Visio_Drawing.vsdx
Main radio
off or deep/light/micro sleep
Low power WUR
on
UE
Trigger and/or report message
Low power WUS
Configure LP-WUR



image2.wmf
(

)

(

)

5log

normsensitivityBB

PdBPdBmBW

=-


oleObject1.bin

image3.wmf
(

)

(

)

10log

normsensitivityBB

PdBPdBmBW

=-


oleObject2.bin

image4.wmf
5log

BB

BW


oleObject3.bin

image5.wmf
10log

BB

BW


oleObject4.bin

image6.emf
ANT

LNA

(optional)

RF 

Envelop 

detector

Digital signal 

detecting and 

processing

Matching 

Network

Comparator

BB AMP

BB LPF

RF BPF

Main 

controller

\

multi-bit ADC


Microsoft_Visio_Drawing1.vsdx
ANT
LNA
(optional)
RF 
Envelop detector
Digital signal detecting and processing

Matching Network

Comparator
BB AMP
BB LPF
RF BPF
Main controller
\
multi-bit ADC



image7.emf
IF

Envelop 

detector

ANT

Digital signal 

detecting and 

processing

Matching 

Network

RF BPF

Main 

controller

local oscillator

RF mixer

 IF AMP BB LPF

BB AMP

Comparator

multi-bit ADC

IF BPF


Microsoft_Visio_Drawing2.vsdx
IF
Envelop detector
ANT
Digital signal detecting and processing

Matching Network
RF BPF
Main controller



local oscillator
RF mixer
IF AMP

BB LPF
BB AMP
Comparator
multi-bit ADC

IF BPF



image8.emf
ANT

Digital signal 

detecting and 

processing

Matching 

Network

RF BPF

Main 

controller

local oscillator

RF mixer

BB LPF

BB AMP

Comparator

multi-bit ADC

LNA

(optional)


Microsoft_Visio_Drawing3.vsdx
ANT
Digital signal detecting and processing

Matching Network
RF BPF
Main controller



local oscillator
RF mixer

BB LPF
BB AMP
Comparator
multi-bit ADC
LNA
(optional)



image9.wmf
f

D


oleObject5.bin

image10.wmf
[

]

,

ff

-DD


oleObject6.bin

image11.wmf
2

f


oleObject7.bin

image12.wmf
0

f


oleObject8.bin

image13.wmf
[

]

2020

,

ffffff

--D-+D


oleObject9.bin

image14.wmf
1

f


oleObject10.bin

image15.wmf
[

]

1010

,

ffffff

--D-+D


oleObject11.bin

image16.emf
0 1

20

fff



10

fff



f



BPF

 bandwidth

No frequency error

Max frequency error

frequency

frequency

10

ff



20

ff



0

1

f

0

f

2

f


Microsoft_Visio_Drawing4.vsdx
0
1
BPF
 bandwidth
No frequency error
Max frequency error
frequency
frequency



image17.png
‘Guadratrs frequency dscrminator




image18.emf
-10 -8 -6 -4 -2 0 2 4 6 8 10

SNR

10

-3

10

-2

10

-1

10

0

B

L

E

R

noFrequencyOffset

FrequencyOffset=5ppm


image19.emf
-10 -8 -6 -4 -2 0 2 4 6 8

SNR

10

-3

10

-2

10

-1

10

0

B

L

E

R

w/o phase noise

w/ phase noise, c = 2.4*e-16 for 120uW

w/ phase noise, c = 2.93*e-17 for 1mW


image20.png
FOMy, [fJiconv-step]

7 s T
8 o i e
pro o P
5 og® X e e
. oy ® g
3 o T8
202 !
e 4 R0 <7 o Yo
* o
I o %
26401 x o .0 *
o
26400 oo ® x ° g, . L m sscoan + wsizz
2.E-01 -
s e e o e e T e

Tanyq [HZ]




image21.wmf
(

)

(

)

:1:1

RFFERFUFGUDFEWRX

+

»

++


oleObject12.bin

