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Introduction
In RAN #94 meeting¸ new study item on low-power Wake-up Signal and Receiver for NR [1] was approved and the latest revision was approved in [2]. In RAN1#112bis-e meeting, some agreements regarding the receiver architectures are captured in the chairman notes [3]. 
[bookmark: OLE_LINK8][bookmark: OLE_LINK22][bookmark: OLE_LINK3]In this contribution, we further discuss FSK based receiver architecture and OFDM based receiver architecture.
[bookmark: OLE_LINK10][bookmark: OLE_LINK1]FSK receiver architectures
[bookmark: OLE_LINK18]Parallel receiver architectures 
[bookmark: OLE_LINK93][bookmark: OLE_LINK27][bookmark: OLE_LINK16]In RAN1#112, two kinds of parallel receiver architectures for FSK are given. In this section, take parallel homodyne architecture for example, the receiver architecture is shown as Figure1.
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Figure 1. Parallel homodyne architecture for FSK
· [bookmark: OLE_LINK17]Transmitting Waveform Type 1: Single-SC FSK
[bookmark: OLE_LINK29]Take 2FSK as an example, 1bit information can be carried by two different subcarriers. For parallel homodyne 2FSK receiver, an oscillator is needed to convert RF signal to baseband. If lower power consumption LO (such as Ring Oscillator) is used, large frequency offset caused by its frequency drift will have serious impact on the detection performance of 2FSK.
[bookmark: OLE_LINK95][bookmark: OLE_LINK108][bookmark: OLE_LINK25][bookmark: OLE_LINK96][bookmark: OLE_LINK38][bookmark: OLE_LINK99][bookmark: OLE_LINK98][bookmark: OLE_LINK97][bookmark: OLE_LINK100]For Ring Oscillator, the maximum frequency error is assumed as 200ppm@2.6GHz, and thus the maximum frequency offset = 200*10^-6*2.6*10^9KHz =520KHz. Moreover, if two subcarriers with SCS=30KHz are allocated for single-SC FSK transmission, in order to mitigate the influence of up to 520KHz frequency offset, a guardband with 520KHz at both side of each 2FSK signal is necessary. The total BW required for guardband is 520*2*2=2080KHz, it is about 2080/60= 35 times of BW required for single-SC FSK. It will cause extremely low frequency efficiency.
[bookmark: OLE_LINK20]Observation 1: For Ring Oscillator with maximum frequency error of 200ppm@2.6GHz, if single-SC FSK with SCS=30KHz is used for LP-WUS transmission, about 35 times of BW required for the single-SC FSK should be allocated for guardband to mitigate the influence of up to 520KHz frequency offset. It will cause extremely low frequency efficiency.
[bookmark: OLE_LINK23][bookmark: OLE_LINK94]Proposal 1: Single-SC FSK signal is not pursued for parallel receiver architecture.
· Transmitting Waveform Type 2: Multiple-SCs FSK
[bookmark: OLE_LINK92][bookmark: OLE_LINK61][bookmark: OLE_LINK103]For Multiple-SCs FSK transmission, multiple SCs are occupied in frequency domain, the problem of extremely low frequency efficiency in Single-SC FSK does not exist. In [4], reception performance of 1-bit and 2-bit Multiple-SCs FSK are evaluated and the corresponding simulation results are shown in Figure 2. It can be seen that the reception performance of 2-bits FSK is obviously worse than that of 1-bit FSK.
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Figure 2. Reception performance of 1-bit and 2-bit Multiple-SCs FSK
[bookmark: OLE_LINK102]Observation 2: For Multiple-SCs FSK transmission with parallel receiver architecture, the reception performance of 2-bits FSK is obviously worse than that of 1-bit FSK.
Proposal 2: For Multiple-SCs FSK transmission with parallel receiver architecture, 1-bit FSK is prioritized.
Frequency to amplitude conversion receiver architectures
[bookmark: OLE_LINK109][bookmark: OLE_LINK101][bookmark: OLE_LINK67][bookmark: OLE_LINK104][bookmark: OLE_LINK106][bookmark: OLE_LINK90][bookmark: OLE_LINK107][bookmark: OLE_LINK21][bookmark: OLE_LINK114][bookmark: OLE_LINK105]If lower power consumption LO (such as Ring Oscillator) is used, large frequency offset caused by its frequency drift will have serious impact on the detection performance of FSK. For example, 2FSK signal is generated in frequency f1 or f0, considering frequency offset caused by frequency drift of LO, the received 2FSK signal is in a range of Range1 = [)] or Range2 = [)] ,where is the maximum frequency offset caused by frequency drift of LO. Therefore, the design of frequency to amplitude conversion must ensure an obvious difference of amplitude from frequency mapping of Range1 and Range2. In this way, the design of the conversion is much more complicated.
[bookmark: OLE_LINK115]Observation 3: For frequency to amplitude conversion receiver architecture, the conversion design must ensure obvious amplitude difference between multiple frequency ranges, where each frequency range is composed with potential frequency locations of FSK received signal caused by frequency drift of LO. In this way, the design of the conversion is much more complicated.
[bookmark: OLE_LINK116]Furthermore, for Ring Oscillator, the maximum frequency error is assumed as 200ppm@2.6GHz, thus the maximum frequency offset = 200*10^-6*2.6*10^9KHz=520KHz. In this way, the size of Range1 or Range 2 is 1040KHz, thus this kind of FSK receiver architecture will also cause extremely low frequency efficiency.
Observation 4: For single-SC FSK transmission and frequency to amplitude conversion receiver architecture, it will cause extremely low frequency efficiency.
· [bookmark: OLE_LINK26][bookmark: OLE_LINK30]Example of frequency to amplitude conversion: Quadrature frequency discriminator
[bookmark: OLE_LINK31][bookmark: OLE_LINK42][bookmark: OLE_LINK72]The principle of FM discriminator is shown in Figure 3 which is summarized in RAN1#110bis-e meeting.
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[bookmark: OLE_LINK113]Figure 3. Principle of quadrature frequency discriminator
[bookmark: OLE_LINK62][bookmark: OLE_LINK76][bookmark: OLE_LINK66]Take 2FSK for an example, the principle of quadrature frequency discriminator includes:
[bookmark: OLE_LINK75][bookmark: OLE_LINK32][bookmark: OLE_LINK39][bookmark: OLE_LINK70]Step 1: 2FSK signal transmitted on a frequency carrier firstly goes through a BPF where central frequency equals to the transmitting frequency band, thus the 2FSK signal is transferred to a FM signal defined as , where  is a reference frequency, f is a variable frequency and for 2FSK f =  or which are frequency carriers of 2FSK transmission.
[bookmark: OLE_LINK49][bookmark: OLE_LINK45]Step 2: FM signal, , is divided into two copies. One copy is directly sent to Mixer, another copy is sent to the Mixer after a time delay, . After that, the output signal of the Mixer is , where

[bookmark: OLE_LINK50]=+
[bookmark: OLE_LINK51]Step 3: Then  passes an LPF and higher frequency is filtered out, the output signal is , where

[bookmark: OLE_LINK63][bookmark: OLE_LINK68][bookmark: OLE_LINK52]From this formula, it can be seen that is a value of amplitude and is a function of variable . Moreover, the function is not linear. In order to get a linear function for good performance of FM to AM conversion, proper assumptions and careful selection of the value of  should be done firstly.
[bookmark: OLE_LINK65][bookmark: OLE_LINK46][bookmark: OLE_LINK64][bookmark: OLE_LINK54]Assumption 1: Carefully select the value of , to make sure , then . Therefore, 

Assumption 2: If . Therefore,
 = 
So based on Assumption 1 and Assumption 2, becomes a linear function of frequency carrier.
Observation 5: Regarding quadrature frequency discriminator, in order to get a good performance of FM to AM conversion, value of phase shift,, should be carefully selected to make sure  and .
[bookmark: OLE_LINK69]For LP-WUS, in order to have significant power saving gain, ring oscillator may be used as the LO in LP-WUS receiver and PLL or FLL may not be supported. Considering the larger frequency drift of Ring oscillator, the reference frequency carrier generated by LO have obvious frequency offset, and thus the Assumption 1 of  can not be guaranteed. Therefore, the performance from FM to AM conversion will also be degraded.
[bookmark: OLE_LINK24][bookmark: OLE_LINK74]Observation 6: For FSK receiver using quadrature frequency discriminator, the reception performance will be degraded if lower power consumption oscillator, e.g., ring oscillator, is used as LO since the large frequency drift of the LO leads to a non-linear transfer from FM to AM by quadrature frequency discriminator.
[bookmark: OLE_LINK73][bookmark: OLE_LINK77]Furthermore, the FSK signal should firstly pass a BPF as described in Step 1, the bandwidth of BPF should be at least include the bandwidth from  to , in order to ensure the performance of FM discriminator from FM to AM, the other frequency resources among this bandwidth may not be used for other LP-WUSs or legacy NR data transmission, unless additional guardband is defined. Therefore, it results in severe bandwidth utilization efficiency reduction.
[bookmark: OLE_LINK15][bookmark: OLE_LINK79]Observation 7: For FSK receiver using quadrature frequency discriminator, bandwidth between frequency carriers used for FSK transmission may not be used for other LP-WUSs or legacy NR transmission.
Proposal 3: For FSK receiver using quadrature frequency discriminator, the following issues can be further clarified
· How to get a preferred shifted phase value;
· Bandwidth requirement of FSK;
OFDM based Receiver 
BB implementation 
For sequence-based OFDM signals/channels, digital BB processing of the receiver architectures includes sequence correlation in either time domain (without FFT) or frequency domain (after FFT). Herein, two receivers, i.e. receiver1 (without FFT) and receiver2 (with FFT), are introduced to evaluated the performance of ZC-based, SSS-based and PN-based OFDM signals and the performance based on ideal channel estimation are shown in Figure 4. 
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	a) BLER for ZC sequence
	b) BLER for SSS sequence
	c) BLER for PN sequence


Figure 4. Link level performance of sequence-based OFDM signal based on receiver 1 and receiver 2
For the detection of SSS and PN-sequence based signal, even the DL synchronization is ensured, the detection performance of receiver1 without FFT is significantly degraded compared to that of receiver2 with FFT, i.e., FFT process is necessary in digital BB processing for SSS and PN-sequence based OFDM signal. 
For the detection of ZC-sequence, for one RB case, the FFT module has no significant performance impacts. However, when the RB number increases, the FFT module has more significant impacts on the performance. It is natural that to achieve 10^-2 BLER target, more RBs are needed and FFT module would have serious impacts on the performance.
Observation 8: For ZC-sequence based signal, receiver without FFT module brings more serious performance impacts when larger RB number is occupied.
Observation 9: For SSS/PN based sequence signal, FFT module has large impacts on performance.
Proposal 4: FFT module is assumed for OFDM based WUR receiving PSS/SSS/ZC-sequence/PN sequence-based signal.

Other components 
In addition to BB implementation, performance of sequence-based receiver based on Oscillator/PLL with relaxed performance requirements, ADC with lower sampling rate and smaller bit-width is analyzed as following. 
· Oscillator/PLL
The BLER performance of ZC-based, SSS-based and PN-based OFDM signals with different time errors is evaluated as shown in Figure 5.
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	(a) BLER for ZC-sequence based receiver 1
	(b) BLER for ZC-sequence based receiver 2
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	(c) BLER for SSS based receiver 1
	(d) BLER for SSS based receiver 2
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	(e) BLER for PN-sequence based receiver 1
	(f) BLER for PN-sequence based receiver 2


Figure 5. Link level performance of sequence-based OFDM signal with/without time offset
When time error assumed for sequence-based OFDM signal receiving is less than CP length, the sequence-based OFDM signal detection performance in frequency domain (receiver2 with FFT) will not be severely degraded. For sequence-based OFDM signal detection performance in time domain (receiver1 without FFT), a sliding correlation detection in a time window should be used to mitigate the influence of the time error. Moreover, as the increase of time window, the power consumption of sliding correlation detection will increase obviously. 
Observation 10: For 1-bit sequence transmission, time error has some performance impacts on sequence-based OFDM signal
In [4], the performance of sequence-based OFDM signal receiver with different frequency errors is evaluated, and simulation results are shown in Figure 6. It can be seen that the performance of sequence-based OFDM signal receiver will be seriously affected by frequency error even only max frequency error of 5ppm is assumed.
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	(a) BLER for ZC-sequence based receiver 1
	(b) BLER for ZC-sequence based receiver 2
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	(c) BLER for SSS based receiver 1
	(d) BLER for SSS based receiver 2
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	(e) BLER for PN-sequence based receiver 1
	(f) BLER for PN-sequence based receiver 2


Figure 6. Link level performance of sequence-based OFDM signal with/without frequency offset
Observation 11: For 1-bit sequence transmission, large frequency error has some performance impacts on sequence-based OFDM signal.

· ADC bits
[bookmark: OLE_LINK128]For sequence-based OFDM signal receiving, BLER performance for sequence-based OFDM receiver based on smaller ADC bits to reduce receiving power is evaluated as shown in Figure 7. 
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	(a) BLER for ZC-sequence based receiver 1 
	(b) BLER for ZC-sequence based receiver 2
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	(c) BLER for SSS based receiver 1 
	(d) BLER for SSS based receiver 2
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	(e) BLER for PN-sequence based receiver 1 
	(f) BLER for PN-sequence based receiver 2


Figure 7. Link level performance of sequence-based OFDM signal based on ADC wi./wo. smaller bit-width
That is, for 1-bit sequence transmission, the ADC with smaller bit-width (e.g. 4 bits for both receiver1 and receiver2) can be used for sequence-based OFDM signal without impact on detection performance.
[bookmark: OLE_LINK28]Observation 12: For 1-bit sequence transmission, smaller ADC bits (i.e. 4 bits) can be used for I and Q branches of sequence-based OFDM signal separately.
ADC with lower sampling rate can reduce sequence-based signal receiving power. So that BLER performance for sequence-based signal receiving in time domain (without FFT) and frequency domain (with FFT) is evaluated. 
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	(a) BLER for ZC-sequence based receiver 1 
	(b) BLER for ZC-sequence based receiver 2
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	(c) BLER for SSS based receiver 1 
	(d) BLER for SSS based receiver 2
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	(e) BLER for PN-sequence based receiver 1 
	(f) BLER for PN-sequence based receiver 2


Figure 8. Link level performance of sequence-based modulation with/without lower sampling rate
[bookmark: OLE_LINK5]That is, the lower sampling rate is more suitable for sequence-based OFDM signal receiving in time domain (receiver1 without FFT) comparing to that in frequency domain (receiver2 with FFT). Moreover, to ensure the link level performance, the supported down sampling rate should not be less than the band occupied by the sequence-based OFDM signal.
Observation 13: For 1-bit sequence transmission, lower sampling rate can be used for sequence-based OFDM signal.
If more information, e.g., 10bits, is carried via sequence, the performance would degrade seriously. Moreover, the performance impacted by some components, e.g., ADC, sampling rate, Oscillator, would be more significant. Therefore, the details of components should be assumed based on different raw information bits. 
Proposal 5: For OFDM based receiver, based on the raw information size, further clarification for following aspects are needed 
· BB processing in time domain (without FFT) or frequency domain (after FFT)
· oscillator and PLL/FLL
· ADC bit-width
· down sampling rate

Metrics for different receiver
Mapping between waveform and receivers
Until RAN1#112bis-e meeting, the following receiver architectures are agreed for further study. 
Table 1. agreed architectures for study
	options
	Receiver type
	Diagrams for each architecture

	1-1
	RF envelope detection
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	2-1
	the heterodyne architecture with IF envelope detection
	[image: Diagram

Description automatically generated]

	2-2
	Parallel heterodyne architecture
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	2-3
	Heterodyne architecture receiver with frequency to amplitude conversion
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	3-1
	 the homodyne/zero-IF architecture with baseband envelope detection
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	3-2
	Parallel homodyne architecture
	[image: FB35D129-2AE3-49DF-8504-BE521D4B21A1]

	3-3
	Homodyne architecture with frequency to amplitude conversion
	[image: 006A86E9-9095-4CBD-ABAA-70D6323D33BC]

	4-1
	Receiver for OFDMA-based signals/channels
	[image: Diagram
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[bookmark: OLE_LINK6][bookmark: OLE_LINK2][bookmark: OLE_LINK11]Regarding 3-3, we have not agreed exact description about this receiver, for example, what’s the difference with receiver type 4-1. Additionally, OOK-1 and OOK-4 can be received using the agreed receiver architectures of receiver option 1-1, 2-1 and 3-1. FSK-1and FSK-2 can be received using the agreed receiver architectures of receiver option 2-2 and 3-2.
[bookmark: OLE_LINK7]Observation 14: OOK-1 and OOK-4 can be received using the agreed receiver architectures of receiver option 1-1, 2-1 and 3-1.
Observation 15: FSK-1and FSK-2 can be received using the agreed receiver architectures of receiver option 2-2 and 3-2.
Relative power range and transition energy
Receiver 2-1 and 2-2 could be assumed as the baseline for determining the relative power and transition energy. Receiver 1-1 should have the lowest relative power and transition energy.
Referring to IEEE design, a zero-IF design architecture has around 500uW power consumption, relative power can be assumed as 0.5. According to the current literature, several tens of uW or hundreds or uW can also be achieved. Therefore, for the architecture 3-1, the relative power range could be 0.05~0.5. As for the architecture 2-1, since the Image rejection filter or an image rejection mixer is required, the relative power may be higher, then 0.1~1 can be assumed. It is natural to assume that the relative power range for architecture 1-1 could be 0.01~0.1. Based on above assumption, we can have a general description for several OOK and FSK architectures
Table 2. The transition energy and ramp-up time for each receiver architecture
	Options
	Receiver type
	Relative power
	Transition energy
	Ramp-up time

	1-1
	RF envelope detection
	0.01~0.1
	[TLR, ramp-up *(PON-POFF)/2]
	E.g.,5ms

	2-1
	Heterodyne architecture with IF envelope detection
	0.1~1
	[TLR, ramp-up *(PON-POFF)/2]
	E.g.,10ms

	2-2
	Parallel heterodyne architecture
	0.2~2
	[TLR, ramp-up *(PON-POFF)/2]
	E.g.,10ms

	2-3
	Heterodyne architecture receiver with frequency to amplitude conversion
	FFS: 0.2~2
	[TLR, ramp-up *(PON-POFF)/2]
	E.g.,10ms

	3-1
	Homodyne/zero-IF architecture with baseband envelope detection
	0.05~0.5
	[TLR, ramp-up *(PON-POFF)/2]
	E.g.,10ms

	3-2
	Parallel homodyne architecture
	0.1~1
	[TLR, ramp-up *(PON-POFF)/2]
	E.g.,10ms

	3-3
	Homodyne architecture with frequency to amplitude conversion
	FFS
	FFS
	FFS

	4-1
	Receiver for OFDMA-based signals/channels
	10~30
	FFS
	<400ms



For transition energy and ramp up time for architecture 3-3, it can be further studied after we have conclusion on architecture 4-1, since they are quite similar and more details need to be clarified. As for architecture 4-1, it should be more aligned with the MR, since they have the similar architecture design. Therefore, the following table can be considered.
Table 3. The transition energy and ramp-up time for OFDM based receiver for NR signal
	

	WUR-off
	WUR-on
	Transition energy
	Transition time or ramp up time

	Reference 1
	1 (MR)
	45(MR)
	450
	20ms

	Reference 2
	0.015(MR)
	45(MR)
	15000
	400ms

	Reference 3
	0.015(MR)
	45(MR)
	40000
	800ms

	Type 1 of architecture 4-1
	1
	10<=WUR-On<=45
	100~450
Note: [TLR, ramp-up *(PON-POFF)/2] could be applied
	<=20ms

	Type 2 of architecture 4-1
	0.1
	10<=WUR-On<=45
	500~2500
	80ms

	Type 3 of architecture 4-1
	0.01(<0.015 for MR)
	10<=WUR-On<=30
	2500~12000
Note: it should be aligned with MR
	<=320ms



Proposal 6: Further discuss the relative power range for each receiver type and transition energy.
Proposal 7: For Receiver for OFDMA-based signals/channels, the transition energy and ramp-up time could be aligned with MR.

Conclusions
In this contribution, we have discussed the receiver architectures for LP-WUS. The following observations and proposals are made.
Observation 1: For Ring Oscillator with maximum frequency error of 200ppm@2.6GHz, if single-SC FSK with SCS=30KHz is used for LP-WUS transmission, about 35 times of BW required for the single-SC FSK should be allocated for guardband to mitigate the influence of up to 520KHz frequency offset. It will cause extremely low frequency efficiency.
Observation 2: For Multiple-SCs FSK transmission with parallel receiver architecture, the reception performance of 2-bits FSK is obviously worse than that of 1-bit FSK.
Observation 3: For frequency to amplitude conversion receiver architecture, the conversion design must ensure obvious amplitude difference between multiple frequency ranges, where each frequency range is composed with potential frequency locations of FSK received signal caused by frequency drift of LO. In this way, the design of the conversion is much more complicated.
Observation 4: For single-SC FSK transmission and frequency to amplitude conversion receiver architecture, it will cause extremely low frequency efficiency.
Observation 5: Regarding quadrature frequency discriminator, in order to get a good performance of FM to AM conversion, value of phase shift,, should be carefully selected to make sure  and .
Observation 6: For FSK receiver using quadrature frequency discriminator, the reception performance will be degraded if lower power consumption oscillator, e.g., ring oscillator, is used as LO since the large frequency drift of the LO leads to a non-linear transfer from FM to AM by quadrature frequency discriminator.
Observation 7: For FSK receiver using quadrature frequency discriminator, bandwidth between frequency carriers used for FSK transmission may not be used for other LP-WUSs or legacy NR transmission.
[bookmark: _GoBack]Observation 8: For ZC-sequence based signal, receiver without FFT module brings more serious performance impacts when larger RB number is occupied.
Observation 9: For SSS/PN based sequence signal, FFT module has large impacts on performance.
Observation 10: For 1-bit sequence transmission, time error has some performance impacts on sequence-based OFDM signal
Observation 11: For 1-bit sequence transmission, large frequency error has some performance impacts on sequence-based OFDM signal.
Observation 12: For 1-bit sequence transmission, smaller ADC bits (i.e. 4 bits) can be used for I and Q branches of sequence-based OFDM signal separately.
Observation 13: For 1-bit sequence transmission, lower sampling rate can be used for sequence-based OFDM signal.
Observation 14: OOK-1 and OOK-4 can be received using the agreed receiver architectures of receiver option 1-1, 2-1 and 3-1.
Observation 15: FSK-1and FSK-2 can be received using the agreed receiver architectures of receiver option 2-2 and 3-2.
 
Proposal 1: Single-SC FSK signal is not pursued for parallel receiver architecture.
Proposal 2: For Multiple-SCs FSK transmission with parallel receiver architecture, 1-bit FSK is prioritized.
Proposal 3: For FSK receiver using quadrature frequency discriminator, the following issues can be further clarified
· How to get a preferred shifted phase value;
· Bandwidth requirement of FSK;
Proposal 4: FFT module is assumed for OFDM based WUR receiving PSS/SSS/ZC-sequence/PN sequence based signal.
Proposal 5: For OFDM based receiver, based on the raw information size, further clarification for following aspects are needed 
· BB processing in time domain (without FFT) or frequency domain (after FFT)
· oscillator and PLL/FLL
· ADC bit-width
· down sampling rate
Proposal 6: Further discuss the relative power range for each receiver type and transition energy.
Proposal 7: For Receiver for OFDMA-based signals/channels, the transition energy and ramp-up time could be aligned with MR.
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