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1. Introduction
At the RAN#94-e meeting, it was agreed to study Wake Up Signal and Receivers designs.  These designs are to be primarily targeted at delay and power-sensitive, small form-factor devices, such as industrial sensors, controllers and wearables. Unlike previous power saving study items, the objectives for this study encompasses new signals and new receiver architectures. 

[bookmark: _Hlk131755036]In this contribution, we discuss:
· Various LP-WUR architectures for OOK, FSK and OFDMA based LP-WUS.
· The LP-WUR hardware aspects to consider for the:
· maintenance of timing and frequency synchronisation
· accomodating fading when mobility is considered
· RAN4 LS response

2. Discussion
In the following sub-sections, a comparison of various waveform–architecture combinations is presented that assumes the following requirements:
Flexible Multi-band support 
A device made for worldwide operation supporting multiple bands, can be expected to need to support LP-WUS functionality in different bands. This will require more advanced and more power-hungry LP-WUR architectures. 

WUS waveforms that require minimal guard bands
To minimise guard bands and maximise network spectral efficiency, architectures will be required to support and maintain accurate frequency synchronisation.  This will impose minimum capabilities on the LP-WUR filters and frequency tracking capabilities.

2.1   Comparison of the various WUS modulation/waveform and architecture combinations
At the RAN1#112 meeting, the following draft proposal to define a common set of metrics for companies to assess and compare the numerous WUS modulation/waveform and architecture was discussed but not agreed.  
DRAFT Proposal 5-2r1: 
For the study on LP WUR architecture, companies are encouraged to provide the analysis on the LP WUR architecture based on the following template:
	WUS modulation/waveform
	 

	Architecture type
	 

	Architecture details (e.g. presence of RF LNA / IF AMP / BB AMP / PLL / FLL)
	 

	Local oscillator (Type of oscillator and the corresponding frequency accuracy/drifting)
	 

	Amplifier gain (RF LNA / IF AMP / BB AMP)
	 

	RF/IF/BB filter characteristics (e.g. type of filter, order, cut-off frequency/frequencies)
	 

	ADC (sampling rate, bit-width)
	 

	Details on digital BB processing
	 

	Assumed frequency band(s) and the support of band and/or carrier tuning
	 

	Adjacent channel interference rejection capability
	 

	Adjacent subcarrier interference rejection capability
	 

	In-band/out-of-band blocker handling capability
	 

	Power consumption (including break-down if possible)
	 

	Noise figure
	 

	Additional info
	 



In this sub-section we provide our initial views on the ranges of the above metrics for a variety of LP-WUR architectures supporting the 3 main waveform types currently under consideration. 

2.1.1   MC-OOK 
In this sub-section, three receiver architectures (listed below) for MC-OOK are evaluated.

· RF Envelope detector
· IF Envelope Detector
· Zero-IF receiver 

The RF Envelope detector receiver architecture is illustrated in Figure 1. The RF envelope detection receiver architecture is mainly aimed for single band usage, i.e., bands within the bandwidth of the RF envelope detector. The application of a tuneable RF filter in the RF path will affect the NR Main Radio performance (insertion loss, higher NF etc) when the antenna and RF frontend are reused. If the RF envelope detector LP-WUR is preferred, it would be beneficial to have full separation (no reuse) of the NR Main radio and the LP-WUR.

[image: ]
[bookmark: _Ref131503046]Figure 1 Illustration of a MC-OOK receiver architecture with RF envelope detector.

The IF envelope detection Heterodyne receiver architecture is aimed for multi band usage. This architecture allows for an easy re-use of the main radio elements, such as the NR frontend, antennas, LNA and potentially also the mixer. The IF envelope detection Heterodyne receiver architecture is illustrated in Figure 2.



[bookmark: _Ref131503349]Figure 2 Illustration of the Heterodyne receiver architecture with IF Envelope detection

A Zero-IF receiver can be relatively easily modified to reuse many of the existing NR OFDM based main radio components, including the frontend, antennas, LNA, mixer ADC and parts of the uP/statemachine as illustrated in Figure 3. One benefit of reusing the NR main radio parts, is that it would readily support flexible bandwidth and placement of the LP-WUS within different bands.


[bookmark: _Ref131503194]Figure 3 Illustration of OFDM/ Zero-IF Receiver architecture
For the analysis of the three receiver architectures with respect to MC-OOK modulation following assumption for the evaluation results in Table 1 is following:

· MC-OOK Bandwidth 1.44MHz
· 5MHz total bandwidth for the WUS including guard band
· Assumed 4 bits (8 Manchester encoded) MC-OOK data for each NR symbol 
 
[bookmark: _Ref131081960]Table 1 Analysis of MC-OOK with 1.44MHz signal bandwidth
	WUS modulation/waveform
	MC-OOK with 1.44MHz signal bandwidth

	Architecture type
	 RF Envelope detector
	IF envelope detector
	Zero IF

	Architecture details (e.g. presence of RF LNA / IF AMP / BB AMP / PLL / FLL)
	 RFLNA
	RFLNA, Mixer, PLL, IF AMP
	RFLNA, Mixer, PLL, BB AMP

	Local oscillator (Type of oscillator and the corresponding frequency accuracy/drifting)
	The RTC or other reference clock is not needed for the RF Envelope detector Receiver – but is needed for the as ref. clock for the BB processing system.
	RTC. Frequency Accuracy +/-50 ppm + tuning option
Drift: 0.1ppm/s
	RTC. Frequency Accuracy +/-50 ppm + tuning option
Drift: 0.1ppm/s

	Amplifier gain (RF LNA / IF AMP / BB AMP)
	RF LNA 15dB
RF Env. detector -30dB
BB Amp 40dB

	RF LNA15 dB
Mixer 3dB
IF AMP 20dB
IF Env. detector -30dB
	RF LNA 15dB
Mixer 3dB
BB amp 40dB 

	RF/IF/BB filter characteristics (e.g. type of filter, order, cut-off frequency/frequencies)
	Tuneable BPF filter
3dB cutoff @ +/-720KHz
10-15 dB sup. @ 2.5 MHz
	SAW BPF IF filter 
3dB cutoff @ +/-720KHz
20-25dB sup.@ 2.5 MHz 
	3th order LPF 
3dB cutoff @ 720KHz
20-30 dB sup. @ 2.5 MHz

	ADC (sampling rate, bit-width)
	2x oversampling (480 KHz)
Bit-width: 4,16 us

	2x oversampling (480 KHz)
Bit-width: 4,16 us
	2x BW (1440 KHz)
 
Bit-width: 4,16 us

	Details on digital BB processing
	State-machine with bit-shift registers. Can be correlator type. Sync sequence is needed for correct start of the decoding.
	State-machine with bit-shift registers. Can be correlator type. Sync sequence is needed for correct start of the decoding.
	State-machine with bit-shift registers. Can be correlator type. Sync sequence is needed for correct start of the decoding. Can be extended to have AGC included. Require 4-8bit ADC resolution.

	Assumed frequency band(s) and the support of band and/or carrier tuning
	Assumed this type of receiver can support 1-2 bands. Can only support fixed number of carriers
	Multiband support and carrier tuning
	Multiband support and carrier tuning

	Adjacent channel interference rejection capability
	As Main radio. Same BPF is used.
	As Main radio. Same BPF is used.
	As main radio. Same BPF is used.

	Adjacent subcarrier interference rejection capability
	~10dB rejection. Highly dependent on the achievable Q factor for the RF tuning circuit.
	~20dB rejection
	30 dB rejection

	In-band/out-of-band blocker handling capability
	Same as NR radio. Assumed reuse of NR frontend filters
	Same as NR radio. Assumed reuse of NR frontend
	Same as NR radio. Assumed reuse of NR frontend

	Power consumption (including break-down if possible)
	16 uW (0.32% duty cycle) 4ms ON duration and DRx 1.28s. Baseband is not included in the power estimate
	32 uW (0.32% duty cycle) 4ms ON duration and DRx 1.28s. Baseband is not included in the power estimate
	28 uW (0.32% duty cycle) 4ms ON duration and DRx 1.28s. Baseband is not included in the power estimate

	Noise figure
	Tuneable filter 6dB
LNA 5dB
RF env. detector 40dB
Total NF: 31dB

	Frontend 3dB
LNA 5dB
Mixer 8dB
IF Amp 10
IF env. Detector 40dB
Total NF: 10dB
	Frontend 3 dB
LNA 5 dB
Mixer 8 dB
BB AMP + LP filter 18 dB
Total NF: 9 dB

	Additional info
	Full standalone WUR receiver. Optional reuse of frontend band pass filter.
	Frontend, LNA, Mixer and optional IF amplifier can be reused from main radio.
	High degree of reuse from MR components is possible. 




In Table 2 is the same analysis done as in Table 1 but with different data bandwidth:

· MC-OOK Bandwidth 4.32MHz
· 5MHz total bandwidth for the WUS including guard band
· Assumed 4 bits (8 Manchester encoded) MC-OOK data for each NR symbol 
 
[bookmark: _Ref131425966]Table 2 Analysis of MC-OOK with 4.32MHz signal bandwidth
	WUS modulation/waveform
	MC-OOK with 4.32MHz signal bandwidth

	Architecture type
	 RF Envelope detector
	IF envelope detector
	Zero IF

	Architecture details (e.g. presence of RF LNA / IF AMP / BB AMP / PLL / FLL)
	 RFLNA
	RFLNA, Mixer, PLL, IF AMP
	RFLNA, Mixer, PLL, BB AMP

	Local oscillator (Type of oscillator and the corresponding frequency accuracy/drifting)
	The NTC or other reference clock is not needed for the RF Envelope detector Receiver – but is needed for the as ref. clock for the BB processing system.
	NTC. Frequency Accuracy +/-10 ppm + tuning option
Drift: 5ppm/s
	NTC. Frequency Accuracy +/-10 ppm + tuning option
Drift: 5ppm/s

	Amplifier gain (RF LNA / IF AMP / BB AMP)
	RF LNA 15dB
RF Env. detector -30dB
BB Amp 40dB

	RF LNA15 dB
Mixer 3dB
IF AMP 20
IF Env. detector -30dB
	RF LNA 15dB
Mixer 3dB
BB amp 40dB 

	RF/IF/BB filter characteristics (e.g. type of filter, order, cut-off frequency/frequencies)
	 Tuneable BPF filter
3dB cutoff @ +/-2160KHz
[<6dB] sup. @ 2.5 MHz
	SAW BPF IF filter 
3dB cutoff @ +/-2160KHz
6dB sup.@+/-2.5 MHz 
	5th order LPF 
3dB cutoff @ 2160KHz
6 dB sup. @ 2.5 MHz

	ADC (sampling rate, bit-width)
	2x oversampling (480 KHz)
Bit-width: 4,16 us

	2x oversampling (480 KHz)
Bit-width: 4,16 us
	2x BW (4320 KHz)
 
Bit-width: 4,16 us

	Details on digital BB processing
	State-machine with bit-shift registers. Can be correlator type. Sync sequence is needed for correct start of the decoding.
	State-machine with bit-shift registers. Can be correlator type. Sync sequence is needed for correct start of the decoding.
	State-machine with bit-shift registers. Can be correlator type. Sync sequence is needed for correct start of the decoding. Can be extended to have AGC included. Require 4-8bit ADC resolution.

	Assumed frequency band(s) and the support of band and/or carrier tuning
	Assumed this type of receiver can support 1-2 bands. Can only support fixed number of carriers
	Multiband support and carrier tuning
	Multiband support and carrier tuning

	Adjacent channel interference rejection capability
	Same as NR radio. Assumed reuse of NR frontend
	Same as NR radio. Assumed reuse of NR frontend
	Same as NR radio. Assumed reuse of NR frontend

	Adjacent subcarrier interference rejection capability
	 [<6dB] rejection Highly depending on the achievable Q factor for the RF tuning circuit.
	 App. 6dB rejection
	App. 6 dB rejection

	In-band/out-of-band blocker handling capability
	Same as NR radio. Assumed reuse of NR frontend filters
	Same as NR radio. Assumed reuse of NR frontend
	Same as NR radio. Assumed reuse of NR frontend

	Power consumption (including break-down if possible)
	16 uW (0.32% duty cycle) 4ms ON duration and DRx 1.28s. Baseband is not included in the power estimate
	32 uW (0.32% duty cycle) 4ms ON duration and DRx 1.28s. Baseband is not included in the power estimate
	28 uW (0.32% duty cycle) 4ms ON duration and DRx 1.28s. Baseband is not included in the power estimate

	Noise figure
	Tuneable filter 6dB
LNA 5dB
RF env. detector 40dB
Total NF: 31dB

	Frontend 3dB
LNA 5dB
Mixer 8dB
IF Amp 10
IF env. Detector 40dB
Total NF: 10dB
	Frontend 3 dB
LNA 5 dB
Mixer 8 dB
BB AMP + LP filter 18 dB
Total NF: 9 dB

	Additional info
	Full standalone WUR receiver. Optional reuse of frontend band pass filter.
	Frontend, LNA, Mixer and optional IF amplifier can be reused from main radio.
	High degree of reuse from MR components is possible. 




Observation 1:   	Tuneable filters capable of providing a RF envelope detector architecture with the flexibility to support multiband bands along with sufficient adjacent subcarrier suppression for fading in low SNR conditions, are not readily available. 
Observation 2:	The RF Envelope detector receiver architecture does not require a reference oscillator or PLL/FLL if the baseband processing section is not considered as a part of the LP-WUR architecture. If a baseband processing/state machine is considered as part of the architecture, then there is a need for a reference clock to ensure reliable processing and sampling of the ADC.
Proposal 1:	To ensure fair comparison of power consumption between the various receiver architectures under consideration, a standard model for the baseband section should be applied in the current consumption budget, that defines what functional blocks are to be assumed (e.g. AGC, time/frequency control)

Observation 3:       	For the Zero-IF receiver and the Heterodyne receiver architecture with IF Envelope detection, the uncertainty of the reference oscillator will affect the ability of the receiver to maintain the ideal centre frequency. Any offset from the ideal centre frequency offset will degrade the LP-WUR performance, due to NR data being included in the receiver pass band. 

Observation 4:	The size of the guard bands needed are linked to how effectively the receiver architecture can minimise frequency drift.    

Observation 5:        A frequency control loop can be added to the Zero-IF receiver and the Heterodyne receiver architectures to improve their ability to reduce the maximum amount of frequency drift expected.

Proposal 2:	A maximum level of frequency drift that an architecture can tolerate, is defined and accounted for in the dimensioning of the signal and associated guard bands.

Observation 6:  	The RF Envelope detector receiver architecture filter with multi-carrier capability, is dependent on the support of a tuneable filter. The accuracy of the tuneable filter required to support reasonable guard bands will require unrealistically high component tolerances for most applications.

Proposal  3:	Study of the RF Envelope detector receiver architecture is deprioritised.

2.1.2   FSK 
In this subsection we compare three FSK architectures. All these architectures are compared assuming BFSK as the reference FSK modulation scheme. 



[bookmark: _Ref131517961]Figure 4 Illustration of a NR band with BFSK modulation located in the middle of the band.

The parallel homodyne receiver architecture is based on 2 zero-IF LP-WUS receivers working in parallel to detect the BFSK “mark” and “space” bits. The parallel homodyne receiver architecture is illustrated in Figure 5.
[image: ]
[bookmark: _Ref131517408]Figure 5 Parallel homodyne BFSK receiver

The parallel heterodyne receiver architecture is based on 2 heterodyne architectures with IF envelope detection receivers working in parallel to detect the BFSK “mark” and “space” bits. The parallel heterodyne receiver architecture is illustrated in Figure 6.
[image: ]
[bookmark: _Ref131517500]Figure 6 Parallel heterodyne BFSK receiver

The BFSK Quadrature demodulator is based on two Homodyne receiver with frequency to amplitude conversion. The carrier frequency in located in the middle of the FSK signal as illustrated in Figure 4 fo_alternate .
[image: ]
Figure 7 BFSK Quadrature demodulator

For the evaluation of these three receiver architectures presented in Table 3,  the following assumptions were made:

· MC-FSK Bandwidth of 1.44MHz is assumed, where the guard band is equally distributed beside and between the FSK signals. 
· This MC-FSK signal bandwidth of 1.44MHz will have (5MHz-1.44MHz)/3 = 1187KHz guard-band.
· 5MHz total bandwidth for the WUS including guard bands.
· 4 bits MC-FSK data for each NR symbol 
 
[bookmark: _Ref131518155][bookmark: _Ref131518134]Table 3 Analysis of MC-FSK receiver architectures
	WUS modulation/waveform
	MC-FSK with 1.44MHz signal bandwidth


	Architecture type
	Parallel homodyne
	Parallel heterodyne
	Homodyne receiver with frequency to amplitude conversion

	Architecture details (e.g. presence of RF LNA / IF AMP / BB AMP / PLL / FLL)
	 RFLNA, Mixer, PLL, BB AMP
	RFLNA, Mixer, PLL, IF AMP
IF Envelope detector, BB AMP
	RFLNA, Mixer, PLL, BB AMP

	Local oscillator (Type of oscillator and the corresponding frequency accuracy/drifting)
	NTC. Frequency Accuracy +/-50 ppm + tuning option
Drift: 5ppm/s
	NTC. Frequency Accuracy +/-50 ppm + tuning option
Drift: 5ppm/s
	NTC. Frequency Accuracy +/-50 ppm + tuning option
Drift: 5ppm/s

	Amplifier gain (RF LNA / IF AMP / BB AMP)
	RF LNA 15dB
Mixer 3dB
BB Amp 40dB

	RF LNA15 dB
Mixer 3dB
IF Amp 20dB
IF Env. detector -30dB
BB amp 40dB
	RF LNA 15dB
Mixer 3dB
BB amp 40dB 

	RF/IF/BB filter characteristics (e.g. type of filter, order, cut-off frequency/frequencies)
	5th order LPF 
@BW4.32MHz – 3-5dB sup.
@BW1,44MHz – 20dB sup.
	SAW BPF IF filter 
 @BW4.32MHz–3-5dB sup.
@BW1.44MHz – 20dB sup.
	5th order LPF 
@BW4.32MHz – 3-5dB sup.
@BW1.44MHz – 20dB sup.

	ADC (sampling rate, bit-width)
	2x oversampling (480 KHz)
Bit-width: 4.16 us

	2x oversampling (480 KHz)
Bit-width: 4.16 us
	2x BW (4320 KHz/1440KHz)
 
Bit-width: 4.16 us

	Details on digital BB processing
	State-machine with bit-shift registers. Can be correlator type. Sync sequence is needed for correct start of the decoding. Comparator to detect the decoding of the BFSK.
	State-machine with bit-shift registers. Can be correlator type. Sync sequence is needed for correct start of the decoding. HW for detecting the sample decision.
	Digital processing of the I/Q signal will be needed for best performance. This require an ADC with a resolution of 4-8 bit. 

	Assumed frequency band(s) and the support of band and/or carrier tuning
	Assumed this type of receiver can support 1-2 bands. Can only support fixed number of carriers
	Multiband support and carrier tuning
	Multiband support and carrier tuning

	Adjacent channel interference rejection capability
	Same as NR radio. 
Assumed reuse of NR frontend
	 Same as NR radio. Assumed reuse of NR frontend
	Same as NR radio. 
Assumed reuse of NR frontend

	Adjacent subcarrier interference rejection capability
	 @BW4.32MHz – 3-5dB rejection
@BW1.44MHz – 20dB rejection

	@BW4.32MHz – 3-5dB rejection
@BW1.44MHz – 20dB rejection
	@BW4.32MHz – 3-5dB rejection
@BW1.44MHz – 20dB rejection

	In-band/out-of-band blocker handling capability
	Same as NR radio. Assumed reuse of NR frontend filters
	Same as NR radio. Assumed reuse of NR frontend
	Same as NR radio. Assumed reuse of NR frontend

	Power consumption (including break-down if possible)
	16 uW (0.16% duty cycle) 2ms ON duration and DRx 1.28s. Baseband is not included in the power estimate
	22 uW (0.16% duty cycle) 2ms ON duration and DRx 1.28s. Baseband is not included in the power estimate
	20 uW (0.16% duty cycle) 2ms ON duration and DRx 1.28s. Baseband is not included in the power estimate

	Noise figure
	Frontend 3 dB
LNA 5 dB
Mixer 8 dB
BB AMP + BPF filter 18 dB
Total NF: 9 dB
	Frontend 3dB
LNA 5dB
Mixer 8dB
IF Amp 10
IF env. Detector 40dB
BB AMP+LPF 18 dB
Total NF: 10dB
	Frontend 3 dB
LNA 5 dB
Mixer 8 dB
BB AMP + LP filter 18 dB
Total NF: 9 dB

	Additional info
	Frontend, LNA and Mixer can be reused from main radio. Require image rejection mixer.
	Frontend, LNA, Mixer and optional IF amplifier can be reused from main radio. Require image rejection mixer.
	Frontend, LNA and Mixer can be reused from main radio. Require complex modulation approach. Can be reused form main radio.



Observation 7:     	To keep same total bandwidth, the guard-band bandwidth is decreased relative to the comparable MC-OOK modulation approach. 

Observation 8:	The 1.44 MHz modulation bandwidth for MC-FSK within a 5 MHz bandwidth, enables wider guardbands to be applied, thereby simplifying the complexity of the filters required.

Observation 9:	The estimated power consumption for the MC-FSK parallel receiver architectures is expected to be approximately 30% higher than the comparable MC-OOK receivers. 



2.1.3   OFDMA baseband receiver evaluation 
In following sub-section, the OFDMA receiver is analysed to highlight potential simplifications that could be made for the LP-WUR to reduce power consumption. 
For this evaluation, the proposed signal bandwidth is 1.44MHz and the subcarrier spacing is 30KHz and the comparison is made relative to SSB processing. 
Figure 8 illustrates the main sub-components of the OFDMA receiver being analysed. 



[bookmark: _Ref131590256]Figure 8 Illustration of the OFDMA receiver

[bookmark: _Ref131593030]Table 4 comparison between an SSB and LP-WUS receiver with OFDM modulation
	Component
	SSB
	LP-WUS
	Improvements/ Comments

	RF
	BW 7.2 MHz 
(20RB SCS=30KHz
	BW 1.44MHz 
(4RB SCS=30KHz)
	No major improvements in the RF section. Minor improvements might be done in the PLL due to less required tolerances.

	ADC
	Sample rate 14.4MHz
	Sample Rate 2.88MHz
	Assuming linear relation between sample rate and current consumption the saving is 6x

	Remove CP
	NA
	NA
	The saving will be in the range of 3-4x (Highly depending on the HW implementation)

	S/P
	NA
	NA
	The saving will be in the range of 3-4x (Highly depending on the HW implementation)

	FFT
	FFT Size 512
	FFT Size 64
	From simulation this will save a factor of 16x 

	Subcarrier De-mapping
	NA
	NA
	The saving will be in the range of 3-4x (Highly depending on the HW implementation)

	IDFT
	NA
	NA
	The saving is expected to be in the range of 10x

	P/S
	NA
	NA
	The saving will be in the range of 3-4x (Highly depending on the HW implementation)

	Demodulation
	NA
	NA
	The saving will be in the range of 3-4x (Highly depending on the HW implementation)

	Ref clock
	0.1ppm
	10ppm
	By keeping the total BW=5MHz even higher tolerances can be accepted.




Observation  10:  	Table 4 illustrates how power consumption savings that could be made for a LP-WUS OFDM receiver compared an OFDM receiver used to detect SSB. The major savings come from the reduced bandwidth, the reduced sampling rate and the reduction in the FFT size.  

Observation 11:	By using an OFDM based WUS, no additional HW would be needed for the device. This will also be simple to benefit from the WUS in dedicated mode without any HW modifications.

Proposal 4:    	Further study the OFDM modulation approach for LP-WUS and LP-WUR.


2.2   LP-WUR considerations for mobility, Time and Frequency synchronisation
As we have discussed in previous contributions [2], the LR ability to accurately maintain timing and frequency, has significant impacts on the guard bands required and the ability to support mobility.  In this sub-section we provide our thoughts on:
· Hardware aspects to consider for the maintenance LR timing and frequency synchronisation
· Mobility considerations - how to handle gain settings and fading


2.2.1  Hardware aspects to consider for the maintenance LR timing and frequency synchronisation
In the previous sections it is assumed the LP-WUR is only active when the WUS is expected to be received. This means that timing control for enabling the LP-WUR would be needed. To ensure correct timing even with a low precision clock would require correction and/or synchronisation. Figure 9 below, illustrates an example of a sync sequence. In the figure, the sync sequence is illustrated as an alternating 1-0- pattern. The sync sequence pattern could be any unique sequence, the only requirement is that it is known by the receiver and is simple to detect. The sync sequence (i.e a known sequence) could also be repeated at the end of the WUS to provide a more accurate timing estimate. The decoded information can also be used to calibrate an equalizer receiver type to perform ISI/match filter compensation.

 
[bookmark: _Ref131598170]Figure 9 illustration of a sync sequence 

In Figure 10, a full DRx cycle is illustrated. If the receiver determines the time offset estimate based on the time reference points for two or more DRx periods – the estimated time offset can also be used to estimate the frequency offset. This can be done by estimating the time offset in ppm and applying the same offset in ppm to the frequency correction circuit. 



Figure 10 Illustration of a DRx=1.28s sequence

Observation 12:  	For accurate wakeup time for a LP-WUR, the reference time needs to be continuously adjusted/corrected

Proposal  5: 	Introduce a time control loop in the evaluation of the LP-WUR. The introduction of a sync sequence as a part of the WUS and/or Beacon should be considered.

2.2.2     Mobility considerations
Previous discussions have assumed that the devices supporting LP-WUS can be fully functional during mobility. One important issue with mobility is fading. Fading combined with only one RX chain can give high fluctuation of the received signal. Even simple movements to and from the gNB can require a change in the gain settings of the receiver chain to compensate for these fluctuations.

A solution to this issue is to introduce gain control. If the receiver is designed to handle fading and gain control one-bit DAC is not enough. In Table 5 is the dynamic range of the ADC versus number of bits of the ADC illustrated.    

From the table by using an ADC with 4-8 bit it will be possible to accommodate fading and gain control.

[bookmark: _Ref131595204]Table 5 The ADC dynamic range versus number of bits in the ADC
	ADC resolution
	Dynamic range

	1
	bit ADC
	6
	dBFS

	2
	bit ADC
	12
	dBFS

	3
	bit ADC
	18
	dBFS

	4
	bit ADC
	24
	dBFS

	5
	bit ADC
	30
	dBFS

	6
	bit ADC
	36
	dBFS

	7
	bit ADC
	42
	dBFS

	8
	bit ADC
	48
	dBFS

	9
	bit ADC
	54
	dBFS

	10
	bit ADC
	60
	dBFS

	11
	bit ADC
	66
	dBFS

	12
	bit ADC
	72
	dBFS



Observation 13:	In Table 5 by applying an ADC with a bit depth of 4-8 bits, it will be possible to accommodate fading and gain control.

Proposal 6: 	Study further the AGC as a part of the receiver architecture for the LP-WUR to support mobility and fading.


2.3   RAN4 LS Response
In the Reply LS to RAN1 on LP-WUR architectures [3], to further evaluate the RF aspects of LP-WUR architecture, RAN4 would like to know the following clarifications from RAN1: 
· Whether IoT/wearables/smartphone UE types are all considered for LP-WUR design
· Power consumption, coverage and SNR targets 
· Max occupied RB number in channel bandwidth for LP-WUS, for 1.4MHz and 5MHz RF bandwidth case
· Possible supported SCS for LP-WUS, if applicable
· Whether WUS can be located in a band separate from the UE’s NR band
· Whether FR1 is considered as first priority frequency range 
· Whether in-band power boosting of LP-WUS is considered from RAN1 perspective
In this sub-section, we provide our initial responses for these questions:
· Whether IoT/wearables/smartphone UE types are all considered for LP-WUR design

· Yes, all IoT/wearables/smartphone UE types are considered.
· At the RAN1#112 meeting the following agreement was made, that describes the use cases RAN1 will initially focus on.

	Agreement 
The following characteristics for target use cases are considered in the study item: 
· IoT cases including e.g., industrial wireless sensors, controllers, actuators and etc, including the following characteristics, 
· FFS: latency 
· primary for small form devices 
· power-sensitive 
· static, nomadic or limited mobility 
· Wearable cases including e.g., smart watches, rings, eHealth related devices, and medical monitoring devices etc.,  
· FFS: latency 
· primary for small form devices, 
· power-sensitive 
· low/medium speed, FFS: high speed 
· eMBB cases including e.g., XR/smart glasses, smart phones and etc., 
· FFS: latency 
· devices form is various and not restricted 
· power-sensitive 
· low/medium speed, FFS: high speed 
Note: other use cases/characteristics are not precluded if any 




· Power consumption, coverage and SNR targets 

· [bookmark: _Hlk131754237]An answer to this question is deferred until RAN1 makes a firm agreement on either the target coverage level or the target power consumption. 

· Max occupied RB number in channel bandwidth for LP-WUS, for 1.4MHz and 5MHz RF bandwidth case

· This is highly dependent on the waveform and order/complexity of the filtering that can be reasonably expected to be supported.

· For the 5 Mhz bandwidth, as per our ”L1 Signal Design and Procedures” contribution [4], we are considering:

4.32MHz (24 in 15KHz, 12 in 30KHz, 6 in 60KHz, 3 in 120KHz) PRBs    for   OOK schemes

· Possible supported SCS for LP-WUS, if applicable

· The answer to this is dependent on the waveform selected for the LP-WUS modulation.

· Whether WUS can be located in a band separate from the UE’s NR band

· The WUS being in a band separate from the UE’s NR band is not precluded, however the use cases being prioritised for study, RAN1 assumes that the WUS can be flexibly located within the NR band and/or carrier.

· Whether FR1 is considered as first priority frequency range 

· Yes, FR1 is considered as the first priority for the frequency range evaluation.

· Whether in-band power boosting of LP-WUS is considered from RAN1 perspective

· The default assumption is that no power boosting is assuming, however companies have to option to also consider power boosting EPRE ratios of {3, 6} dB 


3. Conclusion
In this contribution, we have discussed:

· Various LP-WUR architectures for OOK, FSK and OFDMA based LP-WUS.
· The LP-WUR hardware aspects to consider for the:
· maintenance of timing and frequency synchronisation
· accomodating fading when mobility is considered
· RAN4 LS response

From those discussions, we have the following observations and proposals.

Observation 1:   	Tuneable filters capable of providing a RF envelope detector architecture with the flexibility to support multiband bands along with sufficient adjacent subcarrier suppression for fading in low SNR conditions, are not readily available. 
Observation 2:	The RF Envelope detector receiver architecture does not require a reference oscillator or PLL/FLL if the baseband processing section is not considered as a part of the LP-WUR architecture. If a baseband processing/state machine is considered as part of the architecture, then there is a need for a reference clock to ensure reliable processing and sampling of the ADC.

Observation 3:       	For the Zero-IF receiver and the Heterodyne receiver architecture with IF Envelope detection, the uncertainty of the reference oscillator will affect the ability of the receiver to maintain the ideal centre frequency. Any offset from the ideal centre frequency offset will degrade the LP-WUR performance, due to NR data being included in the receiver pass band. 

Observation 4:	The size of the guard bands needed are linked to how effectively the receiver architecture can minimise frequency drift.    

Observation 5:        A frequency control loop can be added to the Zero-IF receiver and the Heterodyne receiver architectures to improve their ability to reduce the maximum amount of frequency drift expected.

Observation 6:  	The RF Envelope detector receiver architecture filter with multi-carrier capability, is dependent on the support of a tuneable filter. The accuracy of the tuneable filter required to support reasonable guard bands will require unrealistically high component tolerances for most applications.

Observation 7:     	To keep same total bandwidth, the guard-band bandwidth is decreased relative to the comparable MC-OOK modulation approach. 

Observation 8:	The 1.44 MHz modulation bandwidth for MC-FSK within a 5 MHz bandwidth, enables wider guardbands to be applied, thereby simplifying the complexity of the filters required.

Observation 9:	The estimated power consumption for the MC-FSK parallel receiver architectures is expected to be approximately 30% higher than the comparable MC-OOK receivers.
Observation 10:  	Table 4 illustrates how power consumption savings that could be made for a LP-WUS OFDM receiver compared an OFDM receiver used to detect SSB. The major savings come from the reduced bandwidth, the reduced sampling rate and the reduction in the FFT size.  

Observation 11:	By using an OFDM based WUS, no additional HW would be needed for the device. This will also be simple to benefit from the WUS in dedicated mode without any HW modifications.

Observation 12:  	For accurate wakeup time for a LP-WUR, the reference time needs to be continuously adjusted/corrected

Observation 13:	In Table 5 by applying an ADC with a bit depth of 4-8 bits, it will be possible to accommodate fading and gain control.

Proposal 1:	To ensure fair comparison of power consumption between the various receiver architectures under consideration, a standard model for the baseband section should be applied in the current consumption budget, that defines what functional blocks are to be assumed (e.g. AGC, time/frequency control)
Proposal 2:	A maximum level of frequency drift that an architecture can tolerate, is defined and accounted for in the dimensioning of the signal and associated guard bands.

Proposal 3:	Study of the RF Envelope detector receiver architecture is deprioritised.

Proposal 4:    	Further study the OFDM modulation approach for LP-WUS and LP-WUR.

Proposal 5: 	Introduce a time control loop in the evaluation of the LP-WUR. The introduction of a sync sequence as a part of the WUS and/or Beacon should be considered.

Proposal 6: 	Study further the AGC as a part of the receiver architecture for the LP-WUR to support mobility and fading.
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