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Introduction
[bookmark: _Hlk66110521]RAN1#111 endorsed FFS on the waveform, bandwidth, and RRM for LP WUS/WUR. Details of SID and agreements are in the appendix. One of the FFS is to study the feasibility of RRM measurement performed by LP-WUR, at least for serving/caping cells. If feasible, the main radio can skip some/all RRM duty and stay asleep to save power. This contribution provides our views on achievable data rates and the LP-WUR-based RRM.
L1 Design
In RAN#111, companies agreed to study the generation and link performance of the MC-OOK waveform and to provide input on aspects to consider that might impact link performance. 
To address this need, we consider the following reference system blocks, including Adjacent Sub-Carrier interference (ASCI), Carrier Frequency Offset (CFO), multi-path channel (TDL-C), and AWGN after the LPF.
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Figure 1: Reference system blocks to study the generation and link performance of MC-OOK
[bookmark: _Toc127548429][bookmark: _Toc127549054][bookmark: _Toc127549240][bookmark: _Toc127550974][bookmark: _Toc127552785]Consider the following items that impact link performance: Adjacent Sub-Carrier interference (ASCI), Carrier Frequency Offset (CFO), multi-path channel (TDL-C), and AWGN after the LPF.
The LPWUS packet structure refers to IEEE 802.11ba as a starting point, including a 32-bit preamble that carried no information but for synchronization, a 64-bit data payload that carried 32 information bits by Manchester coding, a 16-bit CRC carried 8 information bits by Manchester coding. This reference contains 8 OOK per OFDM symbol referring to the raw data rate of 224 kbps and 64 kbps data rate that only counts the data payload part.
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 Figure 2: Reference LPWUS packet design based on IEEE 802.11ba
The waveform shaping considers least square (LS) approximation by a truncated IFFT matrix. It up-samples LPWUS and passes linear processing. Its output will be allocated to sub-carriers around the DC, i.e., the centre frequency.  
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Figure 3: Reference waveform shaping design based on the LS approximation
The low pass filter (LPF) considers a 5th-order Butterworth LPF with a 3dB cut-off frequency at 2.16MHz and a sampling rate at 32.72Mhz. No IQ branch by default, only the real part of the received waveform passes the LPF. 
The AWGN considers being added after the LPF of 4.32MHz to properly evaluate the baseband SNR level. The received signal power is measured at the output of the LPF. Then, add AWGN based on the measured received signal power level and a given SNR target.
The envelope detector (ED) takes absolute values from the output of the LPF. Note that the ED can be after the N-bit ADC if AGC and time and frequency tracking are considered. The proper pre-processing of ED is beneficial.
The 4-bit ADC considers a sampling rate of 3.84MHz and a quantization range from 0 to 2. Note that the ADC dynamic range is quite ideal. We assume an AGC exists, but it is not simulated in our results.
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Figure 4: Reference envelope detector design and ADC parameters
The packet detection considers finding the coarse timing. The quantized signal is buffered and cross-correlates with the known preamble sequence. The preamble may need to consider CP impact if more than one OOK is within an OFDM symbol. The peak value from the cross-correlation will be used as a start timing of the received LPWUS packet.
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Figure 5: Reference Packet detection design and local reference signal generation 
The OOK demodulation considers CP removal, combining samples, and Manchester decoding. LPWUR decodes the data payload after the frame boundary has been detected by the packet detection procedure. Given the OOK duration and the frame boundary, LPWUR can combine samples into OOK chips (uncoded bits) and decode the chips back to information bits by 1/2 Manchester decoding, e.g., compare two consecutive signal amplitudes. 
The Data PER is to compare the transmitted payload and the decoded payload without using CRC in our simulations.
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Figure 6: Reference OOK demodulation design based on the 1/2 Manchester decoding
[bookmark: _Toc127548430][bookmark: _Toc127549055][bookmark: _Toc127549241][bookmark: _Toc127550975][bookmark: _Toc127552786]Consider Manchester coding to simplify LPWUS demodulation.
The miss detection rate (MDR) and false alarm rate (FAR) are determined by a similar process. After the frame boundary has been detected, LPWUR decodes the received preamble into bits by comparing it with the decoding threshold X determined by the mean value of the received preamble. Once the decoded 32-bit preamble has been generated, LPWUR cross-correlates it with the transmitted 32-bit preamble. The peak of the correlation result is compared with the threshold T to determine MDR and FAR values.
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Figure 7: Reference design to calculate MDR and FAR for a preamble
MDR/FAR threshold
In RAN1#110-b, companies have agreed the MDR of LPWUS is 1%. The FAR of LPWUS can be [0.1%, 1%, or 10%]. The following note is agreed that if LP-WUS for wake-up indication consists of two parts or even multiple parts, the proposed MDR/FAR should take into account the reception performance of the two or more parts jointly.
If LPWUS includes the CRC part, an 8-bit checksum can achieve less than a 1/256 (0.4%) error rate when collisions exist. On the other hand, if LPWUS only contains a 32-bit preamble, the FAR depends on the threshold T and the cross-correlation results between the received signal and the given preamble.
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Figure 8: Determination of threshold T based on the PER performance of a 32-bit preamble.
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Figure 9: Cross-correlation values and the preamble detection threshold of 0.8
Our results show that to achieve MDR = FAR = 1%, a proper threshold T is 0.8 of the normalized cross-correlation output. It is achievable given the baseband SNR = -3.3dB.
[bookmark: _Toc127548431][bookmark: _Toc127549056][bookmark: _Toc127549242][bookmark: _Toc127550976][bookmark: _Toc127552787]If LPWUS contains CRC, FAR can be <1% using an 8-bit checksum (CRC-8).
[bookmark: _Toc127548432][bookmark: _Toc127549057][bookmark: _Toc127549243][bookmark: _Toc127550977][bookmark: _Toc127552788]If LPWUS contains no CRC, FAR <1% is achievable given a normalized cross-correlation threshold of 0.8 at a baseband SNR of -3.3dB with a 32 bits preamble of 4.32Mhz and 224kbps raw data rate.

CP addition
In NR, CP duration is determined by 1) the SCS, 2) normal or extended CP, and 3) long symbols or remaining symbols. Each numerology has 2 long symbols per 1 ms subframe. An example is given in the following table.
Table 1: Normal Cyclic Prefix Durations
	Subcarrier spacing
	Long Symbols
	Remaining symbols

	
	CP Duration
	Overhead
	CP Duration
	Overhead

	15kHz
	5.21s
	7.8%
	4.69s
	7.0%

	30kHz
	2.86s
	8.6%
	2.34s
	

	60kHz
	1.69s
	10.2%
	1.17s
	

	120kHz
	1.11s
	13.3%
	0.59s
	

	240kHz
	0.81s
	19.5%
	0.29s
	


If LPWUR maintains its timing synchronization but has no prior knowledge of the CP length, UE may assume only normal symbols (7% overhead) and could lose its timing synchronization eventually by accumulating a 0.5us timing error (2.86us - 2.34us = 0.52us) every 1ms subframe given SCS = 30kHz.
[bookmark: _Toc127548433][bookmark: _Toc127549058][bookmark: _Toc127549244][bookmark: _Toc127550978][bookmark: _Toc127552789]CP addition and removal are needed at LPWUR to generate the reference preamble and decode the data payload. 
[bookmark: _Toc127548434][bookmark: _Toc127549059][bookmark: _Toc127549245][bookmark: _Toc127550979][bookmark: _Toc127552790]LPWUR may not know whether LPWUS is carried by a long OFDM symbol with a longer CP duration (>7% overhead) or normal OFDM symbols (7% overhead) within a subframe.
[bookmark: _Toc127548435][bookmark: _Toc127549060][bookmark: _Toc127549246][bookmark: _Toc127550980][bookmark: _Toc127552791]RAN1 to discuss whether and how to handle CP removals and addition. 
 
Data Rate
In RAN#111, companies agreed to study how many bits can be transmitted per OFDM symbol, given below.
	Agreement in RAN1#111
· Study generation and link performance of multi-carrier (MC)-ASK (including OOK) waveform
· study techniques to generate waveform by modulating sub-carriers of CP-OFDM symbol, consider up to M bits transmitted per OFDM symbol, where M is FFS. 
· Note that above does not preclude DFT-S-OFDMA 
· Study generation and link performance of multi-carrier (MC)-FSK waveforms
· study techniques to generate waveform by modulating sub-carriers of CP-OFDM symbol, consider up to M bits transmitted per OFDM symbol, where M is FFS.
· Study link performance of OFDMA-based signals/channels considering at least the existing signal/channel structure (e.g. CSI-RS, SSS)
· Other signal/channel structures are not precluded
· For next meeting, companies to provide input on aspects to consider that might impact link performance


Ideally, in ASK, the data rate is equal to its bandwidth. Given a 5MHz BW, the maximum data rate is 5Mbps equivalent to 178 bits per OFDM symbol for 30kHz SCS. In practice, MC-OOK generated by CP-OFDM achieves less data rate.
Achievable data rates have a trade-off between power consumption and coverage. According to the SID, power consumption should be prioritized first. The following assumptions should be considered as the starting points:
· Low LO accuracy: 200ppm (hundreds uW) 
· Low RX sampling rate: 3.84MHz (tens uW)
· Manchester demodulation: no noise estimation
· Non-coherent detection: no channel estimation
· Noise Figure: 15dB (NR PDCCH for paging: 7dB)
Based on the assumptions above, we further consider the coverage targets, e.g., MIL values for PDCCH for paging and PUSCH for eMBB and evaluate which data rates can be achieved based on LLS. A summary is given below.
[bookmark: _Ref127437773]Table 2: Required SNR and target MIL values.
	Items
	Values

	Target error rate
	1% iBLER (initial BLER without HARQ)

	Carrier frequency (GHz)
	2.6GHz

	BW (MHz)
	4.32MHz

	Guard band (MHz)
	0.72 MHz

	Frequency error
	200ppm

	Adjacent subcarrier interference
	PDSCH mapped on resources other than that for WUS and guard band (the same EPRE)

	Receiver noise figure
	15 dB

	RX sampling rate
	3.84MHz [7.68MHz]

	Channel Structure
	sync: 32 chips, data: 32bits (64 chips), CRC: 8 bits (16 chips)

	Target MIL
	157.62 dB (PDCCH for paging for 4RX)
	138.28 dB (PUSCH for eMBB )

	Required SNR
	-12dB (MIL = 157.8 dB)
	6dB (MIL = 139.8 dB)


In Table 2, the required SNR values are determined by the LLS results, given in Figure 10, where different data rates are evaluated to check how much SNR is needed to achieve 1% BLER or MDR.
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[bookmark: _Ref127437793]Figure 10: PER/MDR performance over TDL with 200ppm CFO and ASCI.
According to our evaluations, we have the following observations.
[bookmark: _Toc127548436][bookmark: _Toc127549061][bookmark: _Toc127549247][bookmark: _Toc127550981][bookmark: _Toc127552792]The raw data rate of 224kbps can be achievable given the target MIL of 139.8 dB.
[bookmark: _Toc127548437][bookmark: _Toc127549062][bookmark: _Toc127549248][bookmark: _Toc127550982][bookmark: _Toc127552793]LPWUR cannot achieve the MIL of NR PDCCH for paging (given the raw data rate of 28kbps).
[bookmark: _Toc127548438][bookmark: _Toc127549063][bookmark: _Toc127549249][bookmark: _Toc127550983][bookmark: _Toc127552794]For link performance of MC-OOK waveform, consider up to 8 bits transmitted per OFDM symbol (raw data rate of 224 kbps).
BW and GB
In RAN1#111, companies agreed to study the BW and the need for a guard band for LP-WUS.
	Agreement in RAN1#111
For the purpose of study, the BW of one LP-WUS is not greater than X (FFS X is 5 or 20) MHz for FR1, study further 
· whether BW of LP-WUS is configurable (implicitly or explicitly)
· size of guard band [FFS: within or outside of BW X], if any 
· whether there is different X for Idle, Connected, Inactive modes
FFS: Whether FR2 is included in the scope of LP-WUS SI


Ideally, the required BW depends on its data rate. For ASK, the minimum required BW is equal to its bit rate, e.g., to pass a 224kbps binary signal using ASK, the minimum BW is 224kHz. Practically, a wider BW is usually needed for interference and RX imperfections, such as intra-cell interference, carrier frequency offset (CFO), and phase noise.
[image: A picture containing box and whisker chart
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[bookmark: _Ref127547639]Figure 11: Spectral analysis on LPWUS with 4.32MHz BW and 224kbps
Figure 11 shows an example of LPWUS using 4.32MHz BW and 224kbps. The LPWUS is only located around the DC. It shows a very narrow spread in the frequency domain due to the very limited data rate of 224kbps. It is like having a nature guard band (GB) between the LPWUS signal and the LPF in the frequency domain.
However, if we consider ACS impacts from another cell, the GB may be needed especially when the LPWUS is not located around the center of the frequency band. It is unclear how to model ACS impacts from RAN1’s perspective. Thus, it may be better if the size of GB can be discussed after any RAN4’s LS feedback.
[bookmark: _Toc127548439][bookmark: _Toc127549064][bookmark: _Toc127549250][bookmark: _Toc127550984][bookmark: _Toc127552795]The BW of one LPWUS is not greater than 5 MHz for FR1.
[bookmark: _Toc127548440][bookmark: _Toc127549065][bookmark: _Toc127549251][bookmark: _Toc127550985][bookmark: _Toc127552796]The need for a guard band should be studied, at least considering the impact of ACS, Adjacent-Sub-Carrer Interference (ASCI), CFO, LPF, and data rates of LPWUS.

Procedures
In RAN1#111, companies agreed to study LPWUS-based RRM measurements. The endorsed agreement is below.
	Agreement in RAN1#111
For a UE support LP-WUR in IDLE/INACTIVE mode, 
· Study how to reduce UE power consumption due to existing RRM measurement requirements at least for mobility support, 
· study feasibility of RRM measurements performed by LP-WUR, at least for serving/camping cell, based on signals detected by LP-WUR
· FFS: measurement metric
· FFS: whether and how to identify cell/ tracking area 
· FFS: need for neighbouring cells
· FFS: need for relaxation of existing RRM measurement requirements (for UE)


In R1-2212263, our t-doc reports a 36% power-saving gain if the serving cell RRM measurement can relax four times when the serving cell link can be monitored by LP-WUR. However, it is unclear whether it is feasible.
The feasibility study can be based on the SS block measurement simulation assumptions from release 15. There are two main metrics: 1) cell detection time, and 2) measurement period. 
Cell detection time 
For Cell ID acquisition time, the detection is claimed to be successful only when cell ID within the payload is correctly detected, and the timing offset determined by the preamble is within half CP length. Companies are encouraged to provide some bursts required to achieve a 90%-ile successful detection rate under different channel conditions and settings. The CDF curves of joint Cell ID detection latency are suggested to be provided.
Measurement period
The simulation results are to be provided for payload-based (cell ID) RSRP. For different estimation periods, the CDF curves and [5th, 50th, and 95th %-iles] are to be provided for (without RF impairment margin): 
Delta measurement = (estimated measurement – ideal measurement) [dB],
where the ideal measurement is based on the perfect channel estimation.
Evaluating these metrics requires LPWUS to carry at least Cell ID information. A general LPWUS packet includes a preamble, payload, and Cyclic Redundancy Check (CRC), given X, Y, and Z bits shown in Figure 12.
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[bookmark: _Ref126306881]Figure 12: Packet structure for RRM measurement evaluation
Cell detection intends to correctly acquire a preamble for combining. UE needs to differentiate LPWUS from a different cell that ensures the measured RSRP is meaningful. The following tables show the reference parameters for LPWUS-RSRP evaluations. If the full Cell ID is carried, the payload size should be larger than 11 bits.
Table 3: Cell-specific Parameters for Serving Cell Detection
	Parameter
	Unit
	Cell 1

	RF Channel number
	-
	Channel 1

	Carrier frequency 
	
	2.6 GHz

	Subcarrier spacing
	kHz
	30 kHz

	Frequency Domain Allocation for LP-WUS
	MHz
	4.32

	Guard band
	MHz
	0.72

	RB Utilization
	%
	100

	Power boosting for LP-WUS
	dB
	0; The same EPRE (Energy Per Resource Element) for LP-WUS and PDSCH

	Power boosting for PDSCH
	dB
	0; The same EPRE (Energy Per Resource Element) for LP-WUS and PDSCH

	Data Modulation
	-
	OOK

	CP Length
	-
	Normal

	Payload channel coding
	-
	1/2 rate Manchester coding

	Number of transmitted Preamble within a Preamble burst set period (K)
	-
	1

	LPWUS periodicity
	ms
	5, 10

	Frequency Offset relative to UE frequency reference
	Hz
	0

	Es/IoT
	dB
	-6, -4, -2, 0

	Number of Tx antennas
	-
	1

	Preamble Sequence 
	bits
	X bit (Sequence to be stated by companies together with the results) 
Number of preamble sequence
1 (baseline) FFS: 3

	Cell ID within the payload 
	bits
	Y bit (Y≥ 10); 2Y chips after Manchester coding

	CRC
	bits
	Z bit; 2 Z chips after Manchester coding

	Propagation Condition
	-
	AWGN, TDL- C (delay spread: 300 ns; UE speed: 3 km/h)

	Noc Model 
	-
	AWGN noise

	NOTE 1:	The channel models of TDL are used for simplified link level evaluations, which are defined in TR 38.901.


Table 4: UE-specific Parameters for Cell Detection
	Simulation parameters
	Comments/values

	False detect threshold 
	Required as in a real UE implementation

	UE having apriority knowledge of the system being synchronous or asynchronous
	No

	Performance criterion for comparison
	90th percentile acquisition time for “correct” cell detection.

	CP length detection
	Not simulated

	Receive antennas
	1 FFS: 2

	Payload cell detection method
	Combining


[bookmark: _Toc127549066][bookmark: _Toc127549252][bookmark: _Toc127550986][bookmark: _Toc127552797]Companies to discuss the simulation assumption for the feasibility study of RRM measurements, including LP-WUS packet structures, periodicities, and LP-WUS-based RSRP 
[bookmark: _Toc127549067][bookmark: _Toc127549253][bookmark: _Toc127550987][bookmark: _Toc127552798]Consider LPWUS having a payload part for cell detection and measurement evaluation.  
[bookmark: _Toc127549068][bookmark: _Toc127549254][bookmark: _Toc127550988][bookmark: _Toc127552799]Cell quality is determined by the RSRP measured upon the received payloads with the same cell ID
[bookmark: _Toc127549069][bookmark: _Toc127549255][bookmark: _Toc127550989][bookmark: _Toc127552800]Postpone the study on neighbouring cell RRM measurements are not considered until serving cell RRM measurement performance is confirmed   
[bookmark: _Toc127549070][bookmark: _Toc127549256][bookmark: _Toc127550990][bookmark: _Toc127552801]Postpone relaxation of existing RRM measurement requirements until serving cell RRM measurement performance is confirmed

Conclusion
In this contribution, we have the following observations and proposals.
Proposal 1	Consider the following items that impact link performance: Adjacent Sub-Carrier interference (ASCI), Carrier Frequency Offset (CFO), multi-path channel (TDL-C), and AWGN after the LPF.
Proposal 2	Consider Manchester coding to simplify LPWUS demodulation.
Proposal 3	If LPWUS contains CRC, FAR can be <1% using an 8-bit checksum (CRC-8).
Proposal 4	If LPWUS contains no CRC, FAR <1% is achievable given a normalized cross-correlation threshold of 0.8 at a baseband SNR of -3.3dB with a 32 bits preamble of 4.32Mhz and 224kbps raw data rate.
Observation 1	CP addition and removal are needed at LPWUR to generate the reference preamble and decode the data payload.
Observation 2	LPWUR may not know whether LPWUS is carried by a long OFDM symbol with a longer CP duration (>7% overhead) or normal OFDM symbols (7% overhead) within a subframe.
Proposal 5	RAN1 to discuss whether and how to handle CP removals and addition.
Observation 3	The raw data rate of 224kbps can be achievable given the target MIL of 139.8 dB.
Observation 4	LPWUR cannot achieve the MIL of NR PDCCH for paging (given the raw data rate of 28kbps).
Proposal 6	For link performance of MC-OOK waveform, consider up to 8 bits transmitted per OFDM symbol (raw data rate of 224 kbps).
Proposal 7	The BW of one LPWUS is not greater than 5 MHz for FR1.
Proposal 8	The need for a guard band should be studied, at least considering the impact of ACS, Adjacent-Sub-Carrer Interference (ASCI), CFO, LPF, and data rates of LPWUS.
Proposal 9	Companies to discuss the simulation assumption for the feasibility study of RRM measurements, including LP-WUS packet structures, periodicities, and LP-WUS-based RSRP
Proposal 10	Consider LPWUS having a payload part for cell detection and measurement evaluation.
Proposal 11	Cell quality is determined by the RSRP measured upon the received payloads with the same cell ID
Proposal 12	Postpone the study on neighbouring cell RRM measurements are not considered until serving cell RRM measurement performance is confirmed
Proposal 13	Postpone relaxation of existing RRM measurement requirements until serving cell RRM measurement performance is confirmed

Reference 
[bookmark: _Ref114754378]RP-222644, Revised SID: Study on low-power Wake-up Signal and Receiver for NR, vivo
[bookmark: _Ref115445602]IEEE 802.11-17/1037r0, Performance Evaluation of OOK Waveform Coding Schemes with Impairments, InterDigital

Appendix
0. Agreements
0. RAN1#111
Agreement
· Study generation and link performance of multi-carrier (MC)-ASK (including OOK) waveform
· study techniques to generate waveform by modulating sub-carriers of CP-OFDM symbol, consider up to M bits transmitted per OFDM symbol, where M is FFS. 
· Note that above does not preclude DFT-S-OFDMA 
· Study generation and link performance of multi-carrier (MC)-FSK waveforms
· study techniques to generate waveform by modulating sub-carriers of CP-OFDM symbol, consider up to M bits transmitted per OFDM symbol, where M is FFS.
· Study link performance of OFDMA-based signals/channels considering at least the existing signal/channel structure (e.g. CSI-RS, SSS)
· Other signal/channel structures are not precluded
· For next meeting, companies to provide input on aspects to consider that might impact link performance

Agreement
For the purpose of study, the BW of one LP-WUS is not greater than X (FFS X is 5 or 20) MHz for FR1, study further 
· whether BW of LP-WUS is configurable (implicitly or explicitly)
· size of guard band [FFS: within or outside of BW X], if any 
· whether there is different X for Idle, Connected, Inactive modes
FFS: Whether FR2 is included in the scope of LP-WUS SI

Agreement
For a UE support LP-WUR in IDLE/INACTIVE mode, 
· Study how to reduce UE power consumption due to existing RRM measurement requirements at least for mobility support, 
· study feasibility of RRM measurements performed by LP-WUR, at least for serving/camping cell, based on signals detected by LP-WUR
· FFS: measurement metric
· FFS: whether and how to identify cell/ tracking area 
· FFS: need for neighbouring cells
· FFS: need for relaxation of existing RRM measurement requirements (for UE)
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s


.


 


If feasible,


 


the main


 


radio 


can skip


 


some


/


all


 


RRM


 


dut


y


 


and stay 


a


sleep 


to


 


save 


power.


 


This 


contribution 


provides


 


our views on


 


achievable data rate


s


 


and


 


the 


LP


-


WUR


-


based RRM


.


 


2


 


L


1 Design


 


I


n RAN#111, companies agreed to study 


the 


generation and link performance of


 


the 


MC


-


OOK


 


waveform


 


and 


to 


provide input on aspects to consider that might impact link performance


. 


 


To address 


th


is


 


need, w


e consider 


the following 


reference system blocks


, including Adj


a


cent Sub


-


Carrier 


interference 


(ASCI), Carrier Frequency Offset (CFO), 


multi


-


pa


th channel (TDL


-


C), and AWGN after the LPF.


 


 


Figure 


1


: Reference 


system blocks


 


to study 


the 


generation and link performance of MC


-


OOK


 


Proposal 1


 


C


onsider the following


 


items


 


that impact


 


link performance


: 


Adjacent Sub


-


Carrier 


interference 


(ASCI), Carrier Frequency Offset (CFO), multi


-


path channel (TDL


-


C), and AWGN after the LPF


.


 


The LPWUS packet


 


structure 


refers to IEEE 802.11ba


 


as a starting point,


 


including a 32


-


bit


 


preamble


 


that carried no 


information 


but for synchronization


, a 64


-


bit data payload that carried 


32 information bits


 


by Manchester coding, a 


16


-


bit CRC


 


carried 8 information bits by Manchester coding.


 


This reference contains


 


8 OOK per OFDM symbol 


refer


ring


 


to the raw data rate of 224 kbps and 


64 kbps data rate


 


that only counts the data payload part


.
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