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[bookmark: OLE_LINK32][bookmark: OLE_LINK20][bookmark: _Ref129681832]Introduction
In RAN1#110bis-e, three main types of receiver architectures for LP-WUR was agreed to be studied [1]:
	Agreement
Study at least the following three types of receiver architectures for LP-WUR:
· Architecture with RF envelope detection 
· Heterodyne architecture with IF envelope detection
· Homodyne/zero-IF architecture with baseband envelope detection
· Note: The details of each type of receiver architecture are discussed separately.
· Note: Above receiver architectures are considered suitable for OOK modulation. Some of the architectures can be applicable for other modulations such as FSK. 



This contribution continues discussing the architectures of LP-WUS receiver and provides an initial list of receiver details and performance metric for each architecture as agreed in [1]. These details can help later in the intended LS to RAN4, and can also help the discussion in the other LP-WUS AIs (see [2], [3]):
	Agreement
For the analysis of a receiver architecture, companies are encouraged to provide at least the following (when applicable):
· Details of the receiver 
· Receiver architecture type
· Assumed modulation/waveform/coding
· Presence of a RF LNA / IF AMP / BB AMP, and the corresponding gain, if any
· … [see [1] for the full list]
· Performance metrics
· Power consumption during active monitoring/reception and during off state (and breakdown if possible)
· … [see [1] for the full list]
· Note: The performance and design of receiver architecture is expected to be dependent on WUS design. This list can be updated later when the discussion on WUS signal/procedure design (AI 9.13.3) starts.



Additionally, in this contribution, we discuss receivers for FSK and provide some further consideration on their architectures.  

Discussion on potential LP-WUR architectures
In this section, we will discuss the three types of receiver architectures with envelope detection agreed in last meeting and list their receiver details and performance metric.  Additionally, we discuss receivers for FSK and provide some further consideration on their LP-WUR architectures.
Receiver architectures for OOK
General consideration 
In this section, we provide general consideration for the three types of receiver architectures.
On the addition of RF LNA
The output of RF bandpass filter may be amplified by a low-noise amplifier (LNA) in order to improve the sensitivity and relax the noise requirements for the rest of the receiver chain. A RF LNA can provide some noise figure improvement with power consumption of about 75 μW [12].
Observation 1. The addition of RF LNA improves the sensitivity at the expenses of additional power consumption of about 75 μW. 
On bit-width and sampling rate of ADC
ADC could be at baseband for all the three receiver architectures. The bit-width and sampling rate significantly impact the detection performance of LP-WUS, while ADC with high resolution and sampling rate could be power-hungry. For RAN1 study, the characteristic of ADC should be considered and reported per architecture as well as reported in the assumption to evaluate the LP-WUS performance, which is discussed in our companion paper [2].
For the bit-width, two sets of value should be considered: 1) 1-bit ADC (or comparator) usually with power consumption less than 1 μW; 2) multi-bit ADC, for example, 6-bit ADC utilized in [11] with power consumption of 13.8 μW at 750 kHz sampling rate. 
Observation 2. 1-bit ADC consumes less than 1 μW power, and a multi-bit ADC (≤6-bit) with sampling rate 750 kHz consumes about 14 μW power. 
On the sensitivity/coverage
The receiver sensitivity and coverage for the architecture depend on the receiver noise figure, the bandwidth of LP-WUS, and the required SNR at which LP-WUS can be decoded with acceptable BLER. While the receiver architectures will impact the required SNR for LP-WUS, for example, the bit-width and sampling-rate of ADC, the interference rejection capability, and the carrier frequency offset (CFO) for heterodyne and zero-IF receiver. RAN1 should study how to model the characteristics of each receiver architecture for link budget evaluation before companies providing the exact value for each architecture.
Proposal 1: Study how to model the characteristics of each receiver architecture for link budget evaluation.
Architecture with RF envelope detection
	Agreement
Study the architecture with RF envelope detection based on at least the following diagram for LP-WUR.
· The RF signal is converted into baseband signal directly via an RF envelope detector.
· There is no Local Oscillator (LO) and no Phase-Locked Loop (PLL).
· 1-bit or multi-bit ADC is applied.
· Some component(s), e.g., RF LNA and/or BB AMP, can be optionally applied.
· High-Q matching network and/or RF BPF [and/or BB LPF] can be used to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· FFS the support of band and/or carrier tuning
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[bookmark: _Ref118365808]On the in-band interference rejection
For in-band deployment, a key challenge to implement this receiver architecture is how to isolate the LP-WUS from RF signal before envelope detection. The RF BPF in main radio (as RF BPF 1 shown in Figure 1) is used for band selection i.e., to remove interference of other frequency bands. The second RF BPF (as RF BPF 2 in Figure 1) is used to isolate the LP-WUS from the NR signals existing in the same frequency band.
[image: ]
[bookmark: _Ref118319576]Figure 1 RF filtering for receiver architecture with RF envelope detection
On the high Q-value 
Another key challenge for this receiver architecture is the high Q value of RF BPF 2. 
The typical center frequency of NR is 700 MHz, 2.6 GHz or 4 GHz in FR1. The upper bound of the bandwidth of LP-WUS is not expected to be more than 20MHz as agreed in [5], with a typical bandwidth of 1.4 MHz[6], 3 MHz[7] and 4 MHz [8] for spectral efficiency. Therefore, the required Q factor for RF BPF 2 would be as high as 175 (700/4) ~ 3000 (4000/1.4) for FR1 devices. It will be very challenging to implement such RF filters, considering that such bandpass filtering must use SAW filter which can only be implemented outside of the chip, and increase integration complexity of LP-WUR receiver. 
Moreover, considering that the LP-WUS can be flexibly deployed in different frequency points in different bands worldwide, the bandpass filter should also be tunable to align with each frequency point rather than being a band-specific module, making the filter even more difficult to be implemented.
Observation 3. [bookmark: _Ref118471017]Tunable high-Q RF bandpass filter used for in-band adjacent channel interference suppression is challenging for implementation because of its integration complexity.
On the power consumption and noise figure
If the frequency selection can be achieved via the high-Q RF filter in a power efficient way, very low power consumption can be expected since the power-hungry oscillators and mixers are eliminated from the receiver chain altogether. Based on analysis above, almost 20 times power reduction compared to the deep sleep state of main radio can be achieved by this type of receiver with noise figure of 20dB if a high-Q RF filter is applied for architecture with RF envelope detection.
Observation 4. Architecture with RF envelope detection can achieve a relative power consumption of at least 0.05 and a noise figure of no less than 20 dB.
On the Data rate
Based on our companion paper [3], the receiver with RF envelope detection can provide a data rate of 28*N kbps for N-bit OOK for 30 kHz SCS without channel coding.

The details and the performance metrics of the architecture with RF envelope detector are captured in the following proposal:  
Proposal 2: [bookmark: _Hlk118712641]The architecture with RF envelope detector is characterized in TR 38.869 as follows:
	Aspects
	Details of receiver

	Receiver architecture type
	RF envelope detection

	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

	ADC
	Bit-width: 1-bit (power consumption less than 1 μW) or multi-bit (power consumption 13.8 μW at 750 kHz sampling rate)
Sampling rate: upper bound depending on the supported data rate

	Baseband processing
	Manchester or other decoding, if any

	Interference rejection capability
	Tunable high-Q (>200) external SAW filter required for intra-band interference rejection

	Assumed frequency band(s)
	Might only be suitable for lower frequency band, e.g. 700 MHz.

	Power consumption
	No less than 0.05 with LNA and multi-bit ADC

	Noise figure
	No less than 20 dB with RF LNA

	Sensitivity/coverage
	FFS: How to model this architecture for link budget evaluation. 

	Data rate
	28*N kbps for N-bit OOK for 30 kHz SCS without channel decoding



[bookmark: _Ref118370215]Heterodyne architecture with IF envelope detection
	Agreement
Study the heterodyne architecture with IF envelope detection based on at least the following diagram for LP-WUR.
· The RF signal is down converted into IF signal via an RF mixer with a LO. The IF signal is converted into baseband signal via an IF envelope detection.
· There may be one or multiple IF stages depending on design.
· The choice of the LO is one of the major factors that determines the power consumption.
· Lower power consumption can be achieved by relaxing the accuracy and stability requirements of the LO. However, such increased frequency offset and phase noise should be taken into account in the design and evaluation.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied.
· High-Q matching network and/or RF BPF and/or IF BPF [and/or BB LPF] can be used to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· Some component(s), e.g., RF LNA and/or IF AMP and/or BB AMP, can be optionally applied.
· Image rejection filter or an image rejection mixer is required.
· FFS the support of band and/or carrier tuning
· FFS the choice of IF frequency range
[image: Diagram

Description automatically generated]



[bookmark: _Ref118370448]On the choice of oscillator
Due to the tunable oscillator, the heterodyne receiver can provide good selectivity to support different frequency points of LP-WUS. On the other hand, the oscillator may consume significant power, and it is believed that the choice of LO is one of the major factors that determines what power saving gain can be obtained by the heterodyne receiver.
Because OOK just uses non-coherent detection, a lower accuracy oscillator with FLL consuming lower power can be used for frequency mixing to eliminate the need for a PLL.
One example of low power oscillators is the ring oscillator. Based on the evaluation in [9], the power consumption of a ring oscillator can be as low as 120 μW, and can be easily integrated in the chip. Nevertheless, the price for low power is low precision and stability. It is reported that the CFO of ring oscillator is around 180ppm [13], which requires large guard band between LP-WUS and legacy NR signal, and a stringent design for LP-WUS synchronization. To improve the frequency accuracy, the external 32 kHz Real Time Clock (RTC) of the main radio can be reused as the reference for the on-chip ring oscillator, then the CFO can be reduced to no larger than 50ppm, providing much more flexibility for LP-WUS signal design, while the price is additional tens of μW power consumption.
Observation 5. The external RTC can be used as the reference for the on-chip ring oscillator to reach a CFO of 50ppm.
The choice of intermediate frequency and image rejection
Another key point of heterodyne receiver is the choice of IF. To save the power consumption of IF components, the IF should be rather low. Consequently, the image frequency may fall into the frequency band and cannot be removed by the band selection filter. The lower the intermediate frequency is, the closer is the image to the LP-WUS. So additional image rejection techniques are necessary.
One of the techniques is using RF image rejection filter before frequency mixing operation as shown in Figure 2(a). However, if the IF is low enough, similar as the architecture with RF envelope detection, the Q factor might be very high, and not be friendly for implementation. 
Another choice is using an image rejection mixer, for example, the Hartley implementation shown in Figure 2(b). The image rejection mixer requires I/Q mixers with good matching in gain and phase, which would consume additional 120 μW power than single branch frequency mixing. Companies can further investigate the complexity and power consumption with different IF for the solutions and determine which is more suitable for heterodyne architecture.
 
[image: ]
(a) Using RF bandpass filter for image rejection
 
[image: ]
(b) Using Image rejection mixer for image rejection
[bookmark: _Ref117841760]Figure 2 Image rejection for heterodyne receiver
Proposal 3: Further study the power consumption, complexity, and performance of RF image rejection filter, image rejection mixer and other image rejection solutions for heterodyne architectures.
Consideration on multiple IF stages
Some companies also consider that multiple IF stages can be utilized in this architecture, then bandpass filtering with relaxed Q filters could take place progressively at lower center frequencies at each IF stage. Although high performance is foreseen, such a design tends to introduce many more components than a single IF stage receiver, increasing both the difficulty of integration and power consumption, which is less favorable for the LP-WUR solution.
Observation 6. Multiple IF stages have high power consumption and increases the receiver complexity.
On the power consumption and noise figure
Based on analysis above, almost 10 times power reduction compared to the deep sleep state of main radio can be achieved by this type of receiver with noise figure of 15dB.
Observation 7. Heterodyne architecture with IF envelope detection can provide a relative power consumption of almost 0.1 and a noise figure of 15dB.
The details and the performance metrics of the Heterodyne architecture with IF detection architecture are captured in the following proposal:

Proposal 4: The Heterodyne architecture with IF detection is characterized in TR 38.869 as follows:
	Aspects
	Details of receiver

	Receiver architecture type
	Heterodyne architecture with IF envelope detection

	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: CFO 200 ppm, power consumption 120μW
· Ring oscillator with RTC: CFO 50 ppm, power consumption 170 μW

	Presence of PLL or FLL
	FLL to replace PLL

	ADC
	Bit-width: 1-bit (power consumption less than 1 μW) or M-bit (power consumption 13.8 μW)
Sampling rate: depending on LP-WUS bandwidth 

	Interference rejection capability
	Image rejection with two options:
· Tunable high-Q external SAW filter: very challenging for implementation for narrowband LP-WUS
· Image rejection mixer: consume 120 μW more power than single branch frequency mixing
In-band adjacent-channel interference
· Based on IF BPF

	Assumed signal bandwidth and guard band
	Can support narrowband LP-WUS, e.g. 1.4~4 MHz
Guard band should cover the CFO of LO in double sides.

	RF/IF/BB filter characteristics
	RF: Reusing RF BPF of main radio

	Baseband processing
	Manchester or other channel decoding, if any

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

	Power consumption
	0.1 with RF LNA, multi-bit ADC and with image rejection mixer and ring oscillator with RTC. 

	Noise figure
	15 dB with RF LNA

	Sensitivity/coverage
	FFS: How to model this architecture for link budget evaluation.

	Data rate
	28*N kbps for N-bit OOK for 30 kHz SCS without channel decoding



Zero-IF architecture with baseband envelope detection
	Agreement
Study the homodyne/zero-IF architecture with baseband envelope detection based on at least the following diagram for LP-WUR.
· The RF signal is directly down converted into baseband signal via an RF mixer with a LO. 
· Baseband envelope detection can be done either in analog domain or in digital domain depending on design, which is not explicitly shown in the diagram.
· The choice of the LO is one of the major factors that determines the power consumption.
· Lower power consumption can be achieved by relaxing the accuracy and stability requirements of the LO. However, such increased frequency offset and phase noise should be taken into account in the design and evaluation.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied.
· High-Q matching network and/or RF BPF and/or BB BPF [and/or BB LPF] can be used to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· No image rejection filter is required.
· Some component(s), e.g., RF LNA and/or BB AMP, can be optionally applied.
· FFS the support of band and/or carrier tuning
[image: ]



On the choice of oscillator
The choice of oscillator is a similar situation as in the heterodyne architecture see section 2.1.3.1. In our opinion, the ring oscillator both with/without RTC is a good choice for the receiver.
Interference rejection
One of the main attractions of the zero-IF architecture is that, since there is no intermediate frequency, the image frequency matches the frequency of LP-WUS. Therefore, no tunable high-Q external image rejection filter or mixer is required for this type of receivers for envelope detection for OOK signal. It is particularly suitable for multi-band operation, and the adjacent channel interference can be filtered out by baseband LPF or BPF.
Observation 8. No image rejection filter or mixer is needed for zero-IF architecture for envelope detection.
Consideration on DC offset
The major disadvantage of zero-IF architecture is that, this type of receiver suffers from unwanted DC signals due to LO leakage, second-order nonlinearity, and flicker noise. To alleviate the degradation caused by DC offset, DC-offset cancellation loop can be applied, or the baseband low pass filter (LPF) can be replaced by a BPF to attenuate the unwanted DC signals with some information loss in the LP-WUS. Furthermore, the LO frequency can be tuned to a little away from the LP-WUS frequency to avoid the DC subcarrier overlapping with the LP-WUS, which leads zero-IF receiver becomes a low-IF receiver.
Observation 9. To attenuate the impact of DC offset, the LO frequency can be tuned to a little away from the LP-WUS frequency, leading the zero-IF receiver to be similar to the heterodyne receiver with low IF.
On the power consumption and noise figure
Based on analysis above, ~ 10 times power reduction compared to the deep sleep state of main radio can be achieved by this type of receiver with noise figure of 15 dB.
Observation 10. Zero-IF architecture with baseband envelope detection can provide a relative power consumption of a little less than 0.1 and a noise figure of 15 dB.
The details and the performance metrics of the Zero-IF architecture are captured in the following proposal: 
Proposal 5: The Zero-IF architecture is characterized in TR 38.869 as follows:
	Aspects
	Details of receiver

	Receiver architecture type
	Zero-IF architecture with baseband envelope detection

	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: CFO 200 ppm, power consumption 120 μW
· Ring oscillator with RTC: CFO 50 ppm, power consumption 170 μW

	Presence of PLL or FLL
	FLL to replace PLL

	ADC
	Bit-width: 1-bit (power consumption less than 1 μW) or M-bit (power consumption 13.8 μW)
Sampling rate: depending on LP-WUS bandwidth

	Interference rejection capability
	No image rejection filter or mixer is needed for envelope detection
In-band adjacent-channel interference: Based on BB BPF

	Assumed signal bandwidth and guard band
	Can support narrowband LP-WUS, e.g. 1.4~4MHz
Guard band should cover the CFO of LO on both sides.

	RF/IF/BB filter characteristics
	RF: Reusing RF BPF of main radio

	Baseband processing
	Manchester and other channel coding, if any

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

	Power consumption
	A little less than 0.1 with RF LNA and multi-bit ADC

	Noise figure
	15 dB with RF LNA

	Sensitivity/coverage
	FFS: How to model this architecture for link budget evaluation.

	Data rate
	28*N kbps for N-bit OOK for 30 kHz SCS without channel decoding



Receivers architectures for FSK
In RAN1#110bis-e, the receiver architectures for FSK were also discussed, and two examples as below can be used for receiving the FSK-based LP-WUS.
	Agreement
Further study the receiver architectures for FSK, with two examples shown below:
· Example 1: parallel OOK receivers and a comparator circuit, e.g.,
· [image: A picture containing text, clock, screenshot
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· Each path can be implemented using either of [the architecture with RF envelope detection,] heterodyne architecture with IF envelope detection, or homodyne/zero-IF architecture with baseband envelope detection.
· Example 2: using an FM-to-AM detector [or an FM detector]
· Alt 1: Use an analog FM-to-AM detector with a similar architecture as for OOK (e.g. heterodyne or zero-IF architecture), except that the envelope detector is replaced by a FM-to-AM detector.
· Analog FM-to-AM detector can be implemented at least in BB or low-IF.
[image: ]
· Alt 2: Use a FM-to-AM detector [or an FM detector] implemented in digital domain after ADC, with a heterodyne or zero-IF architecture.
· Digital FM-to-AM detector implementation can be considered as part of digital baseband processing.
· Here is an example of using zero-IF architecture: [image: A picture containing text, clock

Description automatically generated]
· The FM-AM detector can be implemented using a frequency discriminator, which converts frequency variations into amplitude changes. It can be implemented in either analog domain (as in Alt 1) or digital domain (as in Alt 2).
· One example, as shown in the figure below, is a conventional quadrature FM discriminator. It multiplies received frequency modulated signal with a phase shifted version, followed by a low pass filter. The amplitude of the output signal is proportional to the frequency of the input signal.
· [image: Diagram

Description automatically generated]
· Note: Other architectures are not precluded.



In this section, we further discuss the receiver architectures for FSK, and investigate the power consumption and other aspects.

[bookmark: _Ref118376769]Heterodyne receiver for FSK
The heterodyne receiver structure discussed in section 2.1.3 is applicable to FSK demodulation by direct extension to multiple parallel branches of bandpass filters and envelope detectors, as shown in Figure 3. After the RF signal is down converted to IF, multiple parallel bandpass filter centered to the candidate frequencies used by FSK modulation are used. These branches are followed by envelope detector, and FSK is demodulated according to the branch with the highest received power.
[image: ]
[bookmark: _Ref118370303][bookmark: _Ref118370624]Figure 3 Heterodyne receiver for FSK with parallel envelope detector with shared RF/IF modules
Similar to the analysis in section 2.1.3.1, a low accuracy oscillator is expected to be used. Compare to the heterodyne receiver used by OOK, the complexity increment is the IF BPF, an additional envelope detector, BB AMP and low pass filter. This introduces marginal additional power consumption as the vast majority of power is consumed by LO, RF LNA, etc.
Heterodyne receiver architecture is also applicable to FM-to-AM conversion based FSK receiver. One possible implementation is shown in Figure 4. The RF FSK signal is band pass filtered, amplified and down converted to IF with a low power LO. The FM-to-AM convertor generates AM signal , whose amplitude is proportional to the frequency of the IF FSK signal .
[image: ]
[bookmark: _Ref118128309]Figure 4 Architecture of FM-AM based FSK receiver
The frequency offset caused by low power LO can be estimated and corrected in a straightforward manner, since FO is translated to amplitude offset. An example is illustrated in Figure 5, where we assume a 2-FSK signal with frequency deviation of  from . Firstly, the FSK signal is down converted to  where  is the frequency offset, which is roughly 40 ppm for 2.6 GHz carrier frequency. The corresponding converted AM signal is shown as the orange curve in Figure 5(c). It is observed that the frequency offset results in an amplitude offset. It is therefore feasible to estimate the frequency offset of the LO directly from the AM signal, and then correct it by adjusting the carrier signal generated by LO. We also modelled phase noise generated by a ring type oscillator, following the method provided in [13]. It is observed that the phase noise increase noise level at the converted AM signal, but may be manageable. 
[image: C:\Users\z00526220\AppData\Roaming\eSpace_Desktop\UserData\z00526220\imagefiles\8B6206D5-9D26-4BC7-B3E8-D0D648CDB69D.png]
[bookmark: _Ref118129514]Figure 5 Example of FM-AM conversion
Observation 11. Heterodyne receiver architecture is applicable for both FSK receiver with parallel envelope detector and FM-to-AM detector.
Observation 12. FM-to-AM detector enables frequency offset estimation and correction in a straightforward manner. 
For the power consumption for IF FM-to-AM detector, the multiplier will consume less than 10 μW power, while the rest operation can be implemented by passive circuits. Hence, the total power consumption is a little higher than heterodyne architecture with IF envelope detection.
Proposal 6:  The heterodyne architecture for FSK with IF FM-to-AM detection is characterized in TR 38.869 as follows:
	Aspects
	Details of receiver

	Receiver architecture type
	Heterodyne architecture with IF FM-to-AM detector detection

	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: CFO 200 ppm, power consumption 120μW
· Ring oscillator with RTC: CFO 50 ppm, power consumption 170 μW

	Presence of PLL or FLL
	FLL to replace PLL

	ADC
	Bit-width: 1-bit (power consumption less than 1 μW) or M-bit (power consumption 13.8 μW)
Sampling rate: depending on LP-WUS bandwidth 

	Interference rejection capability
	Image rejection with two options:
· Tunable high-Q external SAW filter: very challenging for implementation for narrowband LP-WUS
· Image rejection mixer: consume 120 μW more power than single branch frequency mixing
In-band adjacent-channel interference
· Based on IF BPF

	Assumed signal bandwidth and guard band
	Can support narrowband LP-WUS, e.g. 1.4~4 MHz
Guard band should cover the CFO of LO in double sides.

	RF/IF/BB filter characteristics
	RF: Reusing RF BPF of main radio

	Baseband processing
	Channel decoding, if any
Not: Manchester decoding is not needed.

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

	Power consumption
	 0.1 with RF LNA, multi-bit ADC and with image rejection mixer and ring oscillator with RTC. 

	Noise figure
	15 dB with RF LNA

	Sensitivity/coverage
	FFS: How to model this architecture for link budget evaluation.

	Data rate
	28*N kbps for N-bit OOK for 30 kHz SCS without channel decoding




Zero-IF receiver for FSK
The zero-IF receiver structure discussed in section 2.1.3 is applicable to FSK demodulation by direct extension to multiple parallel branches of lowpass/bandpass filters and envelope detectors, as shown in Figure 6. 

[image: C:\Users\z00526220\AppData\Roaming\eSpace_Desktop\UserData\z00526220\imagefiles\FB35D129-2AE3-49DF-8504-BE521D4B21A1.png]
[bookmark: _Ref118451517][bookmark: _Ref118451514]Figure 6 Receiver for FSK with parallel envelope detector with shared RF modules
If zero-IF receiver architecture is used for FSK demodulation with FM-to-AM detector, some candidate frequencies used are shifted to the negative region. It requires I/Q mixer receiver structure shown in Figure 7 to separate these frequencies. The output of IQ branches needs to be jointly processed so that the positive or negative frequency is mapped to the polarization of the output amplitude signal. Similar to the discussion in section 2.2.1, frequency offsets still result in amplitude shifts of the converted amplitude signal. So, the frequency offset estimation and correction can still be performed, which enable the receiver to work with a low accuracy LO.
[image: ]
[bookmark: _Ref118393231]Figure 7 zero-IF with I/Q mixer structure for FSK demodulation
Observation 13. Zero-IF receiver with I/Q mixer structure can support FSK demodulation in baseband.
The total power consumption of zero-IF architecture with baseband FM-to-AM detection is similar as heterodyne architecture with IF FM-to-AM detection if image rejection mixer is used.
Proposal 7: The Zero-IF architecture with baseband FM-to-AM detection is characterized in TR 38.869 as follows:
	Aspects
	Details of receiver

	Receiver architecture type
	Zero-IF architecture with baseband FM-to-AM detection

	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: CFO 200 ppm, power consumption 120 μW
· Ring oscillator with RTC: CFO 50 ppm, power consumption 170 μW

	Presence of PLL or FLL
	FLL to replace PLL

	ADC
	Bit-width: 1-bit (power consumption less than 1 μW) or M-bit (power consumption 13.8 μW)
Sampling rate: depending on LP-WUS bandwidth

	Interference rejection capability
	I/Q mixer is required.
In-band adjacent-channel interference: Based on BB BPF

	Assumed signal bandwidth and guard band
	Can support narrowband LP-WUS, e.g. 1.4~4MHz
Guard band should cover the CFO of LO on both sides.

	RF/IF/BB filter characteristics
	RF: Reusing RF BPF of main radio

	Baseband processing
	Channel decoding, if any
Not: Manchester decoding is not needed.

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

	Power consumption
	0.1 with RF LNA and multi-bit ADC

	Noise figure
	15 dB with RF LNA

	Sensitivity/coverage
	FFS: How to model this architecture for link budget evaluation.

	Data rate
	28*N kbps for N-bit OOK for 30 kHz SCS without channel decoding




RF envelope detection for FSK
RF envelope detection can be applied to FSK receiver with parallel envelope detectors. 
As illustrated in Figure 8, the received RF signal can be band pass filtered by RF BPF1, then multiple parallel bandpass filter centered to the candidate frequencies used by FSK modulation are used. These branches are followed by envelope detectors, and FSK is demodulated according to the branch with the highest received power. 
[image: ]
[bookmark: _Ref118457948][bookmark: _Ref118458019]Figure 8 RF filtering for receiver architecture with RF envelope detection
Such implementation avoids the use of power-hungry oscillators and mixers altogether. However, as discussed in section 2.1.2.1, such implementation requires bandpass filters with high Q values, which can be an order of magnitude higher than typical values. Thus, we consider such implementation challenging for FSK demodulation. If the high-Q bandpass filter for each OOK receiver branch can be achieved in a cost and integration efficient manner, about 20% more power consumption is expected for parallel OOK receiving considering that one additional baseband amplifier and ADC are required.
Observation 14. About 20% more power consumption is expected for FSK with parallel OOK receiver compared to RF envelope detection for single OOK receiver.

Proposal 8: The architecture with RF envelope detection for FSK is characterized in TR 38.869 as follows:
	Aspects
	Details of receiver

	Receiver architecture type
	RF envelope detection

	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

	ADC
	Bit-width: 1-bit (power consumption less than 1 μW) or multi-bit (power consumption 13.8 μW at 750 kHz sampling rate)
Sampling rate: upper bound depending on the supported data rate

	Baseband processing
	Channel decoding, if any
Not: Manchester decoding is not needed.

	Interference rejection capability
	Tunable high-Q (>200) external SAW filter required for each OOK branch for intra-band interference rejection

	Assumed frequency band(s)
	Might only suitable for lower frequency band, e.g. 700 MHz.

	Power consumption
	0.06 with LNA and multi-bit ADC

	Noise figure
	No less than 20 dB with RF LNA

	Sensitivity/coverage
	FFS: How to model this architecture for link budget evaluation. 

	Data rate
	28*N kbps for N-bit OOK for 30 kHz SCS without channel decoding


Further consideration on LP-WUR architectures
As in the zero-IF receiver, an envelope detector for OOK or FM-AM detector for FSK can be achieved by digital signal processing, other processing, e.g. direct correlation can also be used to detect the information based on sequences (e.g., by the cyclic shifts of sequences).
As shown in Figure 9, a time-domain correlation between the local sequence and the received samples can be also achieved in digital baseband.
[image: ]
[bookmark: _Ref118451736]Figure 9 Simplified correlation detector
Moreover, a potential zero-IF architecture with I/Q circuits could be directly applied to the correlation-based detection, similar as the architecture shown in Figure 7. And it may also be able to be extended to heterodyne architecture with low IF.
Proposal 9: The zero-IF architectures and heterodyne architectures with low IF are studied with a correlation detector. 

Conclusions
This contribution continues discussing the architectures of LP-WUS receiver and provides an initial list of receiver details and performance metrics for each architecture as agreed in [1]. These details can help later in the intended LS to RAN4, and can also help the discussion in the other LP-WUS AIs (see [2], [3]). Additionally, in this contribution, we discuss receivers for FSK and provide some further consideration on their architectures. Finally, we have provided quick details about receivers that could use correlation-based detection. We have the following observations and proposals:
Observations:  
Observation 1. The addition of RF LNA improves the sensitivity at the expenses of additional power consumption of about 75 μW. 
Observation 2. 1-bit ADC consumes less than 1 μW power, and a multi-bit ADC (≤6-bit) with sampling rate 750 kHz consumes about 14 μW power. 
Observation 3. Tunable high-Q RF bandpass filter used for in-band adjacent channel interference suppression is challenging for implementation because of its integration complexity. 
Observation 4. Architecture with RF envelope detection can achieve a relative power consumption of at least 0.05 and a noise figure of no less than 20 dB.
Observation 5. The external RTC can be used as the reference for the on-chip ring oscillator to reach a CFO of 50ppm. 
Observation 6. Multiple IF stages have high power consumption and increases the receiver complexity. 
Observation 7. Heterodyne architecture with IF envelope detection can provide a relative power consumption of almost 0.1 and a noise figure of 15dB. 
Observation 8. No image rejection filter or mixer is needed for zero-IF architecture for envelope detection. 
Observation 9. To attenuate the impact of DC offset, the LO frequency can be tuned to a little away from the LP-WUS frequency, leading the zero-IF receiver to be similar to the heterodyne receiver with low IF.
Observation 10. Zero-IF architecture with baseband envelope detection can provide a relative power consumption of a little less than 0.1 and a noise figure of 15 dB.
Observation 11. Heterodyne receiver architecture is applicable for both FSK receiver with parallel envelope detector and FM-to-AM detector.
Observation 12. FM-to-AM detector enables frequency offset estimation and correction in a straightforward manner.
Observation 13. Zero-IF receiver with I/Q mixer structure can support FSK demodulation in baseband.
Observation 14. About 20% more power consumption is expected for FSK with parallel OOK receiver compared to RF envelope detection for single OOK receiver.

Proposals: 
Proposal 1: Study how to model the characteristics of each receiver architecture for link budget evaluation.
Proposal 2: The architecture with RF envelope detector is characterized in TR 38.869 as follows:
	Aspects
	Details of receiver

	Receiver architecture type
	RF envelope detection

	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

	ADC
	Bit-width: 1-bit (power consumption less than 1 μW) or multi-bit (power consumption 13.8 μW at 750 kHz sampling rate)
Sampling rate: upper bound depending on the supported data rate

	Baseband processing
	Manchester or other decoding, if any

	Interference rejection capability
	Tunable high-Q (>200) external SAW filter required for intra-band interference rejection

	Assumed frequency band(s)
	Might only be suitable for lower frequency band, e.g. 700 MHz.

	Power consumption
	No less than 0.05 with LNA and multi-bit ADC

	Noise figure
	No less than 20 dB with RF LNA

	Sensitivity/coverage
	FFS: How to model this architecture for link budget evaluation. 

	Data rate
	28*N kbps for N-bit OOK for 30 kHz SCS without channel decoding



Proposal 3: Further study the power consumption, complexity, and performance of RF image rejection filter, image rejection mixer and other image rejection solutions for heterodyne architectures.
Proposal 4: The heterodyne architecture with IF detection is characterized in TR 38.869 as follows:
	Aspects
	Details of receiver

	Receiver architecture type
	Heterodyne architecture with IF envelope detection

	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: CFO 200 ppm, power consumption 120μW
· Ring oscillator with RTC: CFO 50 ppm, power consumption 170 μW

	Presence of PLL or FLL
	FLL to replace PLL

	ADC
	Bit-width: 1-bit (power consumption less than 1 μW) or M-bit (power consumption 13.8 μW)
Sampling rate: depending on LP-WUS bandwidth 

	Interference rejection capability
	Image rejection with two options:
· Tunable high-Q external SAW filter: very challenging for implementation for narrowband LP-WUS
· Image rejection mixer: consume 120 μW more power than single branch frequency mixing
In-band adjacent-channel interference
· Based on IF BPF

	Assumed signal bandwidth and guard band
	Can support narrowband LP-WUS, e.g. 1.4~4 MHz
Guard band should cover the CFO of LO in double sides.

	RF/IF/BB filter characteristics
	RF: Reusing RF BPF of main radio

	Baseband processing
	Manchester or other channel decoding, if any

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

	Power consumption
	0.1 with RF LNA, multi-bit ADC and with image rejection mixer and ring oscillator with RTC. 

	Noise figure
	15 dB with RF LNA

	Sensitivity/coverage
	FFS: How to model this architecture for link budget evaluation.

	Data rate
	28*N kbps for N-bit OOK for 30 kHz SCS without channel decoding



Proposal 5: The Zero-IF architecture is characterized in TR 38.869 as follows:
	Aspects
	Details of receiver

	Receiver architecture type
	Zero-IF architecture with baseband envelope detection

	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: CFO 200 ppm, power consumption 120 μW
· Ring oscillator with RTC: CFO 50 ppm, power consumption 170 μW

	Presence of PLL or FLL
	FLL to replace PLL

	ADC
	Bit-width: 1-bit (power consumption less than 1 μW) or M-bit (power consumption 13.8 μW)
Sampling rate: depending on LP-WUS bandwidth

	Interference rejection capability
	No image rejection filter or mixer is needed for envelope detection
In-band adjacent-channel interference: Based on BB BPF

	Assumed signal bandwidth and guard band
	Can support narrowband LP-WUS, e.g. 1.4~4MHz
Guard band should cover the CFO of LO on both sides.

	RF/IF/BB filter characteristics
	RF: Reusing RF BPF of main radio

	Baseband processing
	Manchester and other channel coding, if any

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

	Power consumption
	A little less than 0.1 with RF LNA and multi-bit ADC

	Noise figure
	15 dB with RF LNA

	Sensitivity/coverage
	FFS: How to model this architecture for link budget evaluation.

	Data rate
	28*N kbps for N-bit OOK for 30 kHz SCS without channel decoding



Proposal 6: The heterodyne architecture for FSK with IF FM-to-AM detection is characterized in TR 38.869 as follows:
	Aspects
	Details of receiver

	Receiver architecture type
	Heterodyne architecture with IF FM-to-AM detector detection

	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: CFO 200 ppm, power consumption 120μW
· Ring oscillator with RTC: CFO 50 ppm, power consumption 170 μW

	Presence of PLL or FLL
	FLL to replace PLL

	ADC
	Bit-width: 1-bit (power consumption less than 1 μW) or M-bit (power consumption 13.8 μW)
Sampling rate: depending on LP-WUS bandwidth 

	Interference rejection capability
	Image rejection with two options:
· Tunable high-Q external SAW filter: very challenging for implementation for narrowband LP-WUS
· Image rejection mixer: consume 120 μW more power than single branch frequency mixing
In-band adjacent-channel interference
· Based on IF BPF

	Assumed signal bandwidth and guard band
	Can support narrowband LP-WUS, e.g. 1.4~4 MHz
Guard band should cover the CFO of LO in double sides.

	RF/IF/BB filter characteristics
	RF: Reusing RF BPF of main radio

	Baseband processing
	Channel decoding, if any
Not: Manchester decoding is not needed.

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

	Power consumption
	 0.1 with RF LNA, multi-bit ADC and with image rejection mixer and ring oscillator with RTC. 

	Noise figure
	15 dB with RF LNA

	Sensitivity/coverage
	FFS: How to model this architecture for link budget evaluation.

	Data rate
	28*N kbps for N-bit OOK for 30 kHz SCS without channel decoding



Proposal 7: The Zero-IF architecture with baseband FM-to-AM detection is characterized in TR 38.869 as follows:
	Aspects
	Details of receiver

	Receiver architecture type
	Zero-IF architecture with baseband FM-to-AM detection

	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: CFO 200 ppm, power consumption 120 μW
· Ring oscillator with RTC: CFO 50 ppm, power consumption 170 μW

	Presence of PLL or FLL
	FLL to replace PLL

	ADC
	Bit-width: 1-bit (power consumption less than 1 μW) or M-bit (power consumption 13.8 μW)
Sampling rate: depending on LP-WUS bandwidth

	Interference rejection capability
	I/Q mixer is required.
In-band adjacent-channel interference: Based on BB BPF

	Assumed signal bandwidth and guard band
	Can support narrowband LP-WUS, e.g. 1.4~4MHz
Guard band should cover the CFO of LO on both sides.

	RF/IF/BB filter characteristics
	RF: Reusing RF BPF of main radio

	Baseband processing
	Channel decoding, if any
Not: Manchester decoding is not needed.

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

	Power consumption
	0.1 with RF LNA and multi-bit ADC

	Noise figure
	15 dB with RF LNA

	Sensitivity/coverage
	FFS: How to model this architecture for link budget evaluation.

	Data rate
	28*N kbps for N-bit OOK for 30 kHz SCS without channel decoding



Proposal 8: The architecture with RF envelope detection for FSK is characterized in TR 38.869 as follows:
	Aspects
	Details of receiver

	Receiver architecture type
	RF envelope detection

	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

	ADC
	Bit-width: 1-bit (power consumption less than 1 μW) or multi-bit (power consumption 13.8 μW at 750 kHz sampling rate)
Sampling rate: upper bound depending on the supported data rate

	Baseband processing
	Channel decoding, if any
Not: Manchester decoding is not needed.

	Interference rejection capability
	Tunable high-Q (>200) external SAW filter required for each OOK branch for intra-band interference rejection

	Assumed frequency band(s)
	Might only suitable for lower frequency band, e.g. 700 MHz.

	Power consumption
	0.06 with LNA and multi-bit ADC

	Noise figure
	No less than 20 dB with RF LNA

	Sensitivity/coverage
	FFS: How to model this architecture for link budget evaluation. 

	Data rate
	28*N kbps for N-bit OOK for 30 kHz SCS without channel decoding



Proposal 9: The zero-IF architectures and heterodyne architectures with low IF are studied with a correlation detector. 
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