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In RAN#110bis-e, it was agreed to [1]: 
1) Study three types of receiver architectures for LP-WUR:
a. Architecture with RF envelope detection
b. Heterodyne architecture with IF envelope detection
c. Homodyne/zero-IF architecture with baseband envelope detection
2) For the analysis of each receiver architecture, companies are encouraged to provide a list detail such as:
a. Details of the receiver 
i. Receiver architecture type
ii. Assumed modulation/waveform/coding
iii. Presence of a RF LNA / IF AMP / BB AMP, and the corresponding gain, if any
iv. Local oscillator
1. Type of oscillator and the corresponding frequency accuracy/drifting
v. Handling of time/frequency impairments
vi. …
b. Performance metrics
i. Power consumption during active monitoring/reception and during off state (and breakdown if possible)
ii. Noise figure
iii. Sensitivity/coverage
iv. ….
In RAN1#111, it was agreed to capture in TR38.869 many observations for the receivers agreed in RAN#110bis-e that are suitable for OOK. 

In RAN1#112, it was agreed to study [2]:
1) Parallel receiver architectures for FSK;
2) Receiver architectures for FSK with frequency to amplitude conversion;
3) Receiver architectures for OFDMA-based signals/channels.
This contribution continues discussing the LP-WUS receiver architectures, including 
· Receiver architecture for OFDMA-based signal without FFT in baseband processing, especially for a sequence-based modulated OFDMA signal (simply referred to as ‘sequence-based waveform’ hereafter), and
· Remaining issue for receiver architecture of OOK and FSK. 
We also provide some receiver details and performance metric for each architecture.
Discussion on potential LP-WUR architectures 
In this section, we discuss receivers suitable for OOK/FSK signals and receivers suitable for OFDMA-based signal.
[bookmark: _Ref131446179]Receiver architecture for OFDMA-based signals/channels
[bookmark: _Ref134196536]Receivers with time domain correlation in baseband processing without FFT
In RAN1#112, it was agreed to study the receiver architectures for OFDMA-based signals/channels as follows:
	Agreement
For OFDMA-based signals/channels, study the receiver architectures based on the following diagrams:
· I/Q branches are required for digital BB processing.
· Digital BB processing may or may not include FFT (companies to provide details on how).
· For sequence-based OFDM signals/channels, digital BB processing includes sequence correlation in either time domain (without FFT) or frequency domain (after FFT).
· Proponent companies should at least provide details on power consumption reduction compared to the MR regarding the RF and digital BB processing.
· Companies are encouraged to provide the break-down for the components.
· The potential power reduction compared to the main radio may come from e.g.:
· Lower performance LNA/amplifier
· Oscillator/PLL with relaxed performance requirements
· ADC with lower sampling rate and smaller bit-width
· Reduced BB processing complexity compared to the MR
· Companies are encouraged to provide the performance analysis corresponding to the considered power consumption considering the impact of e.g. phase noise, I/Q mismatch.
· Companies to report whether the LP WUR is assumed to share components with MR. In case of component sharing, the potential impact on the MR ultra-deep sleep state should be considered.
· Companies to report the possible number of information bits
· In addition, companies should consider the power consumption in the OFF state and the transition energy.
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The proposed receiver architectures enable I/Q branch frequency mixing and the received signal is demodulated in digital domain.
One of the digital baseband processing is time domain correlation, as illustrated in Figure 1. In the detector, the digitized time samples of each OFDM symbol of the received signal are correlated with the pre-stored local sequence(s) in time-domain. The correlator multiplies each sample of received signal with the corresponding sample of a local sequence and then accumulate all the product of samples in one OFDM symbol together. For example, the received samples can be denoted as {si, i=0, 1, …, N-1}, where N is the number of samples per OFDM symbol. Then si is multiplied with a sample in a local sequence {li, i=0, 1, …, N-1}. The correlation operation can be represented as 
 .
[image: ]
[bookmark: _Ref134195036]Figure 1 Simplified sequence baseband correlation detector
In real receiver, it would be difficult for the UE to determine the symbol boundary due to time error and delay spread of the channel. So sliding correlation with the received signal might be necessary to get a correlation peak, as shown in Figure 2, in which the UE needs to shift the received signal with k (k=0, 1, …, K-1) sample(s), and for each shift k, a correlation result is calculated as  . Then UE can choose the peak value among the Rk values as the correlation result for the symbol. 
[image: ]
[bookmark: _Ref134458167]Figure 2 Sliding correlation with the window length of 5
The time correlator enables the usage of phase information of LP-WUS instead of only using the amplitude information. And the corresponding receiver architecture for OFDMA based LP-WUS with time domain correlation processing is shown in Figure 3. More information about the sequence-based waveform can be found in our companion paper [7]. 
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[bookmark: _Ref134458192]Figure 3 Receiver architecture that can support sequence-based waveform with time domain correlation detector implemented in digital baseband processing.
Observation 1. For OFDMA-based signals/channels, the following receiver architectures can support sequence-based waveform with time domain correlation detector implemented in digital baseband processing:
[image: ]
On impact of low power oscillator
It is proposed that some low power frequency mixing solutions, for example, on-chip ring oscillator with or without 32 kHz Real Time Clock (RTC) of main radio can be considered to reduce the power consumption. For the receiver for OFDMA based signals, one question is whether a low power oscillator can be adopted in this type of receiver considering that both frequency and phase accuracy and stability of the low power oscillator might be a problem.
The frequency and time error caused by low power oscillator will lead the correlation peak to shift in the time domain. If the correlation peak moves out of the sliding correlation window, UE cannot detect the LP-WUS with the correlator. To alleviate the impact of frequency and time error caused by oscillator, two solutions can be considered:
1) When UE switches from MR to LP-WUR, before the MR goes to ultra-deep sleep, MR can assist LP-WUR to calibrate the clock. In this case, the initial frequency error of LP-WUR can be as low as the residual frequency error of MR after synchronization, which is 0.1ppm as discussed in [6].
2) Periodical synchronization is also necessary to compensate the frequency and time drift of oscillator. If we follow Model 1 in the working assumption for time and frequency drift in [4], assume that the residual frequency error no larger than 10ppm and frequency drift of oscillator is 0.1ppm/s. After 1280ms, which is the typical DRX cycle length in legacy NR, the time error can reach about 12μs, which would significantly degrade the detection performance of LP-WUS. So, the LP-WUR needs to perform several synchronizations operations in such a duration. Some more discussion on synchronization of LP-WUR can be found in our companion paper [7].
Observation 2. Initial calibration via the high accuracy clock of MR and periodical synchronization signal can be utilized for LP-WUR.
For phase noise, we modelled Zadoff-Chu (ZC) type sequence-based waveform with phase noise generated by a 120μW oscillator, following the method provided in [8]. The results in [7] shows that 0.7~1 dB loss is observed due to the phase noise and the more bandwidth is allocated to LP-WUS, the less impact phase noise is introduced.
Observation 3. Low power oscillator can be adopted in receiver for sequence-based waveform with performance loss less than 1dB from ideal due to phase noise.
On the power consumption
For the power consumption of receiver architectures without FFT in baseband processing receiver for OFDMA-based signal, with respect to the power consumption of the additional frequency mixing branch, the receiver structure is very similar to the IF receiver for OOK with image rejection mixer, which utilizes two frequency mixers to suppress the image interference. The difference is that, the receiver for sequence type waveform requires extra baseband amplifier, lowpass filter and ADC for each branch.
Meanwhile, considering that the sequence modulation using the phase information of signal, a PLL might be required to track the phase of received signal, which is usually supposed to be power-hungry for LP-WUR. However, the power consumption of PLL is fundamentally dominated by the power of the embedded oscillator. As the analysis in the last sub-section, the correlator can still work well with low-power oscillator. So similar as FLL, a low power oscillator can also be applied to PLL. The power consumption for the loop circuit of PLL would be higher than that of FLL by several tens of μW. Therefore, the introduction of PLL with low-power oscillator embedded will also be feasible for LP-WUS receiver.  It is expected that the additional power consumption of the RF part of the receiver is about 0.02 compared to that of OOK receiver.
With respect to the power consumption of baseband processing, the correlator multiplies each sample of received signal with the corresponding sample of a local sequence and then accumulate all the product of samples in one OFDM symbol together. So, a total of N multiplication is applied for each correlation operation, where N is number of samples for each OFDM symbol. And when sliding correlation is utilized, the number of required multiplications KN, where K is the length of sliding window.
For synchronization operation, a larger sliding window would be necessary to cover the time and frequency error. For example, a sliding window size equals to one OFDM symbols. Thanks to the long periodicity of LP-SS, the average power consumption of synchronization operation would not be too high. While for the LP-WUS data/information, according to our study, a small sliding window, e.g. window with the length no more than cyclic prefix would be sufficient for detecting the sequence-based waveform [7]. The additional power consumption of the baseband correlator with both sliding correlation for synchronization and data, and saving/loading the pre-stored local sequence is about 0.08.
Based on analysis above, a relative power consumption of 0.15~0.2 with similar noise figure as zero-IF receiver for OOK can be achieved by this type of receiver, considering both the extra power consumption of RF and BB part, which is higher than the zero-IF receiver for OOK and FSK, but is still significantly lower than the deep sleep power consumption of main radio.
Observation 4. The receiver architecture with digital baseband correlator for sequence-based waveform can provide a relative power consumption of 0.15~0.2 with noise figure of 15dB.

Proposal 1: The receiver architecture for OFDMA based signal without FFT in baseband processing is captured in TR 38.869 as follows: 
	Aspects
	Details of receiver

	Receiver architecture type
	Architecture for OFDMA-based signal and correlator in the digital BB without FFT. 

	The support of band and/or carrier tuning
	Reusing matching network and RF bandpass filter of main radio

	Presence of a RF LNA
	With LNA to provide sensitivity improvement with power consumption of 75 μW

	Local oscillator
	Low accuracy oscillator
· Ring oscillator without RTC: max CFO 200 ppm, power consumption 120 μW
· Ring oscillator with RTC: max CFO 50 ppm, power consumption 170 μW

	Presence of PLL or FLL
	PLL is applied

	ADC
	Bit-width: Multi-bit (power consumption 13.8 μW for 4-bit ADC)
Sampling rate: depending on LP-WUS bandwidth. E.g. 3.84MHz for 1.44MHz bandwidth

	Interference rejection capability
	
In-band adjacent-channel interference: Based on BB LPF

	Assumed signal bandwidth and guard band
	Can support narrowband LP-WUS, e.g. 1.4~5MHz
Guard band should cover the CFO of LO on both sides.

	RF/IF/BB filter characteristics
	RF: Reusing RF BPF of main radio
BB: 5-order Butterworth

	Baseband processing
	Sequence correlation 
Sequence based periodical time-frequency synchronization

	Assumed frequency band(s)
	Support at least all FR1 frequency bands

	Power consumption
	0.15~0.2 with RF LNA and multi-bit ADC

	Noise figure
	15 dB with RF LNA



Receivers with Goertzel filters in baseband processing
In RAN1#112bis-e, a receiver architecture with Goertzel filter was proposed [10] to receive OOK-3 waveform [12]. The proposed receiver diagram is very similar to the receiver architecture for OFDMA-based signal and channels presented in Section 2.1.1. Both of them use I/Q branches to perform frequency mixing to reserve the phase information of received signal, and two ADC modules are utilized to digitalize the in-phase and quadrature signals respectively and feed them to the baseband processing. The only difference is that in the digital baseband processing, the time domain correlation detector is replaced by L Goertzel filters to compute a single tone energy for each L segments respectively.
Considering the similarity of this type of receiver and receiver with time domain correlation, we suggest that the study of receivers with Goertzel filters in baseband processing can be an example under the agreement of OFDMA-based signals/channels diagrams.
[image: ]
Figure 4 LP-WUS receiver with Goertzel filters in baseband processing.
Proposal 2: If it is necessary to study Goertzel filters, they are sufficiently captured by being included as an example of baseband processing under the agreement of OFDMA-based signals/channels diagrams. 
Remaining issues for receiver architectures for OOK and FSK
Common considerations for receiver architectures for OOK and FSK
In RAN1#111, several observations for receivers for OOK are agreed and captured in TR38.869:
	Agreement
The following observation to be captured in TR38.869:
For the architecture with RF envelope detection,
· It can achieve relatively low power consumption due to the removal of LO/PLL.
· Interference suppression for adjacent channel interference requires very high-Q matching network and/or RF BPF, which is challenging due to the high Q values and may require off-chip components.
· Interference suppression for interference from legacy NR signals and/or other LP WUS on adjacent subcarriers, if performed in RF, requires very high-Q matching network and/or RF BPF, which is challenging due to the high Q values and may require off-chip components.
· The support of multiple bands and/or carriers may require multiple high-Q matching networks and/or RF BPFs or multiple off-chip components.
· RF LNA can be applied to improve sensitivity, with the cost of additional power consumption.
· The noise figure can be relatively high.

Agreement
The following observation to be captured in TR38.869:
For homodyne/zero-IF architecture with baseband envelope detection,
· For the support of band and/or carrier tuning, the band and/or carrier tuning can be achieved via tuning the LO frequency.
· The matching network and RF BPF for LP WUR may or may not reuse those of the main radio.
· It is more effective and less complex to use BB BPF/LPF instead of high-Q matching network and/or RF BPF to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· It consumes less power, but it may result in larger frequency error.
· It can suffer from LO leakage (DC offset) and flicker (1/f) noise. The impact may be alleviated by using BB BPF in some cases.
· RF LNA can be applied to improve sensitivity, with the cost of additional power consumption.
· The baseband envelope detection can be done in either analog domain (before ADC) or digital domain (after ADC).

Agreement
The following observation to be captured in TR38.869:
For heterodyne architecture with IF envelope detection,
· For the support of band and/or carrier tuning, the band and/or carrier tuning can be achieved via tuning the LO frequency.
· The matching network and RF BPF for LP WUR may or may not reuse those of the main radio.
· It is more effective and less complex to use IF BPF instead of high-Q matching network and/or RF BPF to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· Using FLL instead of PLL consumes less power, but it may result in larger frequency error. 
· The IF frequency can be properly selected to avoid LO leakage (DC offset) and flicker (1/f) noise.
· Image rejection can be done via either image rejection filter or image rejection mixer.
· Image rejection filter can be done in either RF or IF, which may require high-Q filter.
· Image rejection mixer requires two-branch (I/Q) mixing with good matching in gain and phase, which consumes additional power.
· RF LNA and/or IF AMP can be applied to improve sensitivity, with the cost of additional power consumption.



In RAN1#112, it is agreed to study receiver architectures for FSK with both parallel envelope detector and frequency to amplitude conversion.
 
	Agreement
Study the parallel receiver architectures (as examples that can be captured in the TR) for FSK based on the following diagrams:
· Parallel homodyne architecture receiver
[image: C:\Users\z00526220\AppData\Roaming\eSpace_Desktop\UserData\z00526220\imagefiles\FB35D129-2AE3-49DF-8504-BE521D4B21A1.png]
· The observations made for homodyne/zero-IF architecture with baseband envelope detection in RAN1#110b/111 are also applicable here.
· Parallel heterodyne architecture receiver
[image: A picture containing text, night sky
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· The observations made for heterodyne architecture with IF envelope detection in RAN1#110b/111 are also applicable here.
· Note: Other architectures are not precluded.
· The OOK receiver architectures agreed for study in RAN1#110bis-e are also examples that can be captured in the TR

Agreement
Study the receiver architectures (as examples that can be captured in the TR) for FSK with frequency to amplitude conversion based on the following diagrams:
· Homodyne architecture receiver with frequency to amplitude conversion
· I/Q branches are required for frequency to amplitude conversion in digital BB.
[image: C:\Users\l00363185\AppData\Roaming\eSpace_Desktop\UserData\l00363185\imagefiles\006A86E9-9095-4CBD-ABAA-70D6323D33BC.png]
· Heterodyne architecture receiver with frequency to amplitude conversion
[image: Diagram
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· Companies provide the exact type FFS what type(s) of frequency to amplitude conversion being is studied.
· Note: Other architectures are not precluded.



For receivers with envelope detection, the applicable receiver architectures for each agreed waveform are summarized in the following tables:
Table 1 Applicable receiver architectures for agreed waveforms
	Receivers with single branch of envelope detection
	OOK-1, OOK-4

	Receivers with parallel branches of envelope detection
	OOK-2, FSK-1, FSK-2



With proper trade-off between components, power consumption, and performance based on the characteristics captured in the TR, the power consumption for each architecture with a single branch of envelope detection can be:
· For receiver with RF envelope detection, about 0.05 with noise figure of about 20 dB if a high-Q RF filter is applied.
· For heterodyne with IF envelope detection, around 0.1 with noise figure of about 15 dB when RF LNA, multi-bit ADC, and image rejection mixer with low power oscillator and RTC are applied to the receiver.
· For zero-IF with baseband envelope detection, no larger than 0.1 with noise figure of about 15 dB, when RF LNA and multi-bit ADC is applied to the receiver.

For receiver with parallel envelope detection, the power consumption depends on how many branches of envelope detector are used, or in other words, what the data rate is required for MC-OOK/ASK/FSK. However, obviously M branches will not consume M times power compared to single branch envelope detection, since most of the RF/IF components, such as matching network, RF BPF, LNA and oscillator are shared among each detection branch. The dedicated components for each detection branch are limited to IF/BB amplifier, filter, ADC and envelope detector. Therefore, with the right choice of these components, especially the sampling rate of the ADC, the additional relative power for one extra branch will not be larger than 0.01 if envelope detection is performed in the analogue domain. And the additional relative power for one extra branch will be around 0.01, if envelope detection is performed in the digital domain (i.e. in digital BB processing), the additional relative power for one extra branch will be around 0.02 considering digital domain envelope calculation. 
Observation 5. The relative power consumption for each additional branch for analogue/digital envelope detection will be round 0.01 and 0.02 respectively for parallel envelope detection. 

Proposal 3: Capture the following in TR38.869: 
For OOK receivers, the expected relative power consumption value of each receiver architecture with single branch of envelope detection with proper trade-off between components power consumption and performance can be:
· 0.05 for receiver architecture with RF envelope detection with noise figure of 20 dB
· 0.1 for receiver heterodyne architecture with IF envelope detection with noise figure of 15 dB
· 0.09 for zero-IF architecture with baseband envelope detection with noise figure of 15 dB

Proposal 4: Capture the following relative power consumption value in TR 38.869:
For FSK receivers with parallel envelope detectors, the expected relative power consumption value of each receiver architecture with proper trade-off between components power consumption and performance can be as follow:
· A 2-branch parallel receiver architecture consumes similar power as a 2-branch parallel receiver for OOK signal with the same noise figure.
· Each additional branch for analogue or digital envelope detection will add around 0.01 or 0.02 power consumption. respectively.

Besides envelope detection, the OOK/ASK and FSK modulated LP-WUS can also be detected by the receiver architectures with correlation detector in baseband for OFDMA-based signal, as discussed in Section 2.1.1, if UE has the knowledge of what sequence is used to generate each OOK and FSK symbols. The performance evaluation can be found in our companion paper [7]. 
Proposal 5: OOK/ASK and FSK modulated LP-WUS can be received by receiver architectures with correlation detector in baseband for OFDMA-based signal if UE has the knowledge of what sequence is used to generate each OOK and FSK symbols.
Other remaining issues for receiver architectures for FSK
In this sub-section, we continue discussing other remaining issues for receivers’ architectures for FSK, some of which were discussed in RAN1#112bis-e as following observations:
	Question 4-2: (FSK parallel receiver)
Receiver for FSK with parallel envelope detectors enables frequency error correction, when assisted by a suitable reference signal.

Proposed observation 4-3r1: (FSK parallel receiver)
For FSK receiver based on parallel OOK receivers with heterodyne or zero-IF architecture, the frequency gap between two adjacent frequencies or two adjacent frequency sets segments should not be smaller than two times of the maximum frequency offsets if no interference between the segments’ detectors is allowed. Smaller gaps than two times the maximum frequency offset can be possible if interference between the segments’ detectors is allowed. , and aAt least two times of the max frequency offsets within the frequency gap should not be used by other DL signals/channels or other WUS signals.

Proposed observation 4-6: (FSK with frequency to amplitude conversion)
For the FSK architectures with frequency to amplitude conversion, the bandwidth between the frequency segments used for FSK transmissions may not be used for other LP-WUSs or legacy NR transmission in order to allow frequency to amplitude conversion to work properly.




For Question 4-2 in RAN1#112bis-e, in our opinion, one of the advantages of FSK receiver with parallel envelope detector is that it is able to correct frequency offset when assisted by reference signals. One example is shown in Figure 5. Here a reference signal is transmitted with enough guard band to accommodate the large initial frequency offset of LO. During reference signal reception, the frequency offset correction is switched ON. The detector envelopes from both branches are compared and the comparing result is used to adjust the frequency of LO. From Figure 5, it can be seen that if there is a negative frequency offset, then output amplitude of upper branch should be higher than that of lower branch. The situation reverses if there is a positive frequency offset. Therefore, the receiver is able to estimate the polarity of the frequency offset and adjust LO accordingly with a step size.
During the transmission of the reference signal, the process is repeated, and after several iterations of adjusting LO, the residual frequency offset is expected to be much lower than the initial frequency offset. Therefore, there is no necessity to continue use wide guard band. Also, since the oscillation frequency offset is reduced, the timing error also accumulates at lower rate. As shown in [7], timing error has significant impacts to demodulation performance.
Note that such calibration doesn’t need to be performed continuously. Depending on the frequency drift of LO, it can be performed periodically. 

[bookmark: _Ref126746895][image: ]
[bookmark: _Ref127450228]Figure 5 Frequency offset correction using parallel envelope detectors with two branches
The architecture and the concept of frequency offset correction can be extended for M-bit FSK in a straightforward manner. An example for 2-bit FSK is shown in Figure 6. To transmit 2 bit per symbol, four candidate frequencies are needed, so four parallel branches are used. Frequency offset can be corrected when assisted by reference signal. In this example, it is shown that the frequency location of the reference signal is coincide with the central two filters when there is no frequency offset. The detector envelopes from the upper branch, i.e. f0, and the lower branch, i.e. f3, are compared and is used to adjust the frequency of LO. From Figure 6, it can be seen that if there is a negative frequency offset, then the output amplitude of branch f0 should be higher than 0, and if there exist a positive frequency offset the output amplitude of branch f3 should be higher than 0. Therefore, the receiver is able to estimate the polarity of the frequency offset and adjust LO accordingly with a step size. During the transmission of the reference signal, the process is repeated, and after several iterations of adjusting LO, the residual frequency offset is expected to be much lower than the initial frequency offset. Note the reference signal does not have to be FSK modulated.
[image: ]
[bookmark: _Ref127451883]Figure 6 Heterodyne receiver for 2-bit FSK with parallel envelope detector and illustration on frequency error correction
Observation 6. Receiver for FSK with parallel envelope detectors enables frequency error correction, when assisted by a suitable reference signal.
Besides receivers with parallel envelope detection, Zero-IF FM-AM receiver also enables frequency error correction. Similar to the discussion above, frequency offsets result in amplitude shifts of the converted amplitude signal. Therefore, the frequency offset can be estimated from amplitude offset. The estimation can be used to adjust the oscillation frequency of LO as shown in the figure below. The extensive mathematical analysis can be found in our previous contribution [13].
[image: ]
Figure 7 Frequency error correction by zero-IF FM-AM conversion
Observation 7. Receiver for FSK with FM-AM detectors enables frequency error correction.

For the proposed observation 4-3r1 in RAN1#112bis-e, if interference between the FSK segments is not tolerated, the frequency gap should be higher than two times the maximum frequency offset. However, since the frequency error is not always at its maximum frequency offset, some controllable level of interference inter FSK segments with small affordable detection loss can be tolerated if required performance is met. In this case, the frequency gap between FSK segments could be small than two times the maximum frequency offset, and the requirements can be relaxed.
Observation 8. For FSK receiver based on parallel OOK receivers with heterodyne or zero-IF architecture, the frequency gap between two adjacent frequency segments should not be smaller than two times the maximum frequency offset if no interference between the segments’ detectors is allowed. Smaller gaps than two times the maximum frequency offset can be possible if interference between the segments’ detectors is allowed.

For the proposed observation 4-6 in RAN1#112bis-e, since a single low pass or band pass filter is utilized to filter out the desired LP-WUS signals/channels for further processing in the architecture, the frequency gap between the frequency segments used for FSK transmissions cannot be used for other LP-WUSs or legacy NR transmission, otherwise the converted amplitude signal in the detector would be interfered. Nonetheless, the required total frequency gap for FSK receiver with FM-AM conversion is not increased compared to receivers with parallel envelope detection for OOK/FSK if the requirements for frequency error rejection are the same.
Observation 9. For the FSK architectures with frequency to amplitude conversion, the bandwidth between the frequency segments used for FSK transmissions may not be used for other LP-WUSs or legacy NR transmission in order to allow frequency to amplitude conversion to work properly.
Observation 10. The required total frequency gap for FSK receiver with FM-AM conversion and receivers with parallel envelope detection for OOK/FSK is the same, if the requirements for frequency error rejection are the same.

Proposal 6: Capture the following relative power consumption value in TR 38.869:
· Receiver for FSK with parallel envelope detector enables frequency error correction, when assisted by a suitable reference signal.
· Receiver for FSK with FM-to-AM detector enables frequency offset estimation and correction.
· For zero-IF architecture with baseband FM-to-AM detector, the relative power consumption is about 0.12 with noise figure of 15 dB.
· For heterodyne architecture with IF FM-to-AM detector, the relative power consumption is about 0.1 with noise figure of 15 dB.

Other consideration for LP-WUS receiver architectures
On the impact of guard band and filter suppression performance
Adjacent channel selectivity (ACS) is a measure of a receiver's ability to receive an NR signal at its assigned channel frequency in the presence of an adjacent channel signal at a given frequency offset from the center frequency of the assigned channel. ACS is the ratio of the receive filter attenuation on the assigned channel frequency to the receive filter attenuation on the adjacent channel(s). The said receiver filter usually is the baseband channel filter. It is noted that ACS is a concept between carriers. However, currently RAN1 focuses on the in-band deployment of LP-WUS, and the interference typically comes from adjacent RBs/REs in the same cell instead of from adjacent carriers. Therefore, the concept of ACS cannot be reused directly to the LP-WUS design. According to RAN4 discussion [9], a newly defined concept to show the rejection capability of the interference rejection filters, which is named as Adjacent Sub-Carrier Selectivity (ASCS), can be considered.
Observation 11. ACS is not proper to be directly used to LP-WUS, since it relates to the interference rejection between carriers, while LP-WUS is usually deployed in-band.
The rejection capability of a receiver usually depends on two aspects: 1) the suppression performance of the filter, and 2) the size of guard band. For example, according to the RAN4 spec, the requirement of ACS is about 30dB between the wanted signal mean power and interfering signal mean power, with the specified guard band at the edge of a carrier where normally the guard band is 5%. For LP-WUS, there are already some agreements for guard band and filter made in the simulation assumption discussion in RAN1#112 [4]:
	Table XX. Simulation assumptions for LP-WUS
	Attributes
	Assumptions

	…

	LP-WUS BW
	Option 1:
· 5MHz including subcarriers for guard band
· 4.32MHz (i.e.,12 RBs) for LP-WUS transmission for 30kHz SCS
Option 2:
· {2.16, 4.32} MHz including subcarriers for guard band 
· 1.44MHz, 2.88MHz (i.e.{4, 8} RBs) for LP-WUS transmission for 30kHz SCS
FFS: other options are up to companies to report
GB is symmetrically placed on each side of LP-WUS

	Filter 
	X-th Order filter (e.g. Butterworth, Chebyshev, …) with Y MHz bandwidth,
· X = {3, 5}
· Companies to report Y
Companies to report any other assumptions if needed

	…






It can be seen that the size of guard band can be much smaller than that for a NR carrier due to the limited BW, so the interference rejection requirements for adjacent sub-carriers considering the size of guard band and the filter implementation for LP-WUS should be further studied.
Proposal 7: Study the requirement of interference rejection capability for adjacent sub-carriers, considering the size of guard band and the filter implementation.

Conclusions
This contribution continues discussing the architectures of LP-WUS receiver. We have the following observations and proposals:
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Observations:  

Observation 1. For OFDMA-based signals/channels, the following receiver architectures can support sequence-based waveform with time domain correlation detector implemented in digital baseband processing:
Observation 2. Initial calibration via the high accuracy clock of MR and periodical synchronization signal can be utilized for LP-WUR.
Observation 3. Low power oscillator can be adopted in receiver for sequence-based waveform with performance loss less than 1dB from ideal due to phase noise.
Observation 4. The receiver architecture with digital baseband correlator for sequence-based waveform can provide a relative power consumption of 0.15~0.2 with noise figure of 15dB.
Observation 5. The relative power consumption for each additional branch for analogue/digital envelope detection will be round 0.01 and 0.02 respectively for parallel envelope detection. 
Observation 6. Receiver for FSK with parallel envelope detectors enables frequency error correction, when assisted by a suitable reference signal.
Observation 7. Receiver for FSK with FM-AM detectors enables frequency error correction.
Observation 8. For FSK receiver based on parallel OOK receivers with heterodyne or zero-IF architecture, the frequency gap between two adjacent frequency segments should not be smaller than two times the maximum frequency offset if no interference between the segments’ detectors is allowed. Smaller gaps than two times the maximum frequency offset can be possible if interference between the segments’ detectors is allowed.
Observation 9. For the FSK architectures with frequency to amplitude conversion, the bandwidth between the frequency segments used for FSK transmissions may not be used for other LP-WUSs or legacy NR transmission in order to allow frequency to amplitude conversion to work properly.
Observation 10. The required total frequency gap for FSK receiver with FM-AM conversion and receivers with parallel envelope detection for OOK/FSK is the same, if the requirements for frequency error rejection are the same.
Observation 11. ACS is not proper to be directly used to LP-WUS, since it relates to the interference rejection between carriers, while LP-WUS is usually deployed in-band.


Proposals:

Proposal 1: The receiver architecture for OFDMA based signal without FFT in baseband processing is captured in TR 38.869 as follows: 
	Aspects
	Details of receiver

	Receiver architecture type
	Architecture for OFDMA-based signal and correlator in the digital BB without FFT. 

	The support of band and/or carrier tuning
	Reusing matching network and RF bandpass filter of main radio

	Presence of a RF LNA
	With LNA to provide sensitivity improvement with power consumption of 75 μW

	Local oscillator
	Low accuracy oscillator
· Ring oscillator without RTC: max CFO 200 ppm, power consumption 120 μW
· Ring oscillator with RTC: max CFO 50 ppm, power consumption 170 μW

	Presence of PLL or FLL
	PLL is applied

	ADC
	Bit-width: Multi-bit (power consumption 13.8 μW for 4-bit ADC)
Sampling rate: depending on LP-WUS bandwidth. E.g. 3.84MHz for 1.44MHz bandwidth

	Interference rejection capability
	
In-band adjacent-channel interference: Based on BB LPF

	Assumed signal bandwidth and guard band
	Can support narrowband LP-WUS, e.g. 1.4~5MHz
Guard band should cover the CFO of LO on both sides.

	RF/IF/BB filter characteristics
	RF: Reusing RF BPF of main radio
BB: 5-order Butterworth

	Baseband processing
	Sequence correlation 
Sequence based periodical time-frequency synchronization

	Assumed frequency band(s)
	Support at least all FR1 frequency bands

	Power consumption
	0.15~0.2 with RF LNA and multi-bit ADC

	Noise figure
	15 dB with RF LNA



Proposal 2: If it is necessary to study Goertzel filters, they are sufficiently captured by being included as an example of baseband processing under the agreement of OFDMA-based signals/channels diagrams. 

Proposal 3: Capture the following in TR38.869: 
For OOK receivers, the expected relative power consumption value of each receiver architecture with single branch of envelope detection with proper trade-off between components power consumption and performance can be:
· 0.05 for receiver architecture with RF envelope detection with noise figure of 20 dB
· 0.1 for receiver heterodyne architecture with IF envelope detection with noise figure of 15 dB
· 0.09 for zero-IF architecture with baseband envelope detection with noise figure of 15 dB

Proposal 4: Capture the following relative power consumption value in TR 38.869:
For FSK receivers with parallel envelope detectors, the expected relative power consumption value of each receiver architecture with proper trade-off between components power consumption and performance can be as follow:
· A 2-branch parallel receiver architecture consumes similar power as a 2-branch parallel receiver for OOK signal with the same noise figure.
· Each additional branch for analogue or digital envelope detection will add around 0.01 or 0.02 power consumption. respectively.

Proposal 5: OOK/ASK and FSK modulated LP-WUS can be received by receiver architectures with correlation detector in baseband for OFDMA-based signal if UE has the knowledge of what sequence is used to generate each OOK and FSK symbols.
Proposal 6: Capture the following relative power consumption value in TR 38.869:
· Receiver for FSK with parallel envelope detector enables frequency error correction, when assisted by a suitable reference signal.
· Receiver for FSK with FM-to-AM detector enables frequency offset estimation and correction.
· For zero-IF architecture with baseband FM-to-AM detector, the relative power consumption is about 0.12 with noise figure of 15 dB.
· For heterodyne architecture with IF FM-to-AM detector, the relative power consumption is about 0.1 with noise figure of 15 dB.

Proposal 7: Study the requirement of interference rejection capability for adjacent sub-carriers, considering the size of guard band and the filter implementation.
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