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1	Introduction
In this contribution, we discuss the signal design and procedures of WUS/WUR and provide link-level evaluations for different LP-WUS cases.
An excel sheet (R1-2305577_Results_LLS_simulations_Ericsson_v002) with link-level simulation results (including some additional cases to those discussed below) is attached to the document. 
[bookmark: _Ref178064866]2	General design criteria
From a network vendor and ecosystem perspective, it is important that the gNB should be able to transmit the LP-WUS using existing gNB hardware and not require any new emissions or compliance requirements. Otherwise, it is difficult to enable widespread WUS support in existing deployments. 
[bookmark: _Toc118667254][bookmark: _Toc127356105][bookmark: _Toc134963547]It should be possible to generate LP-WUS transmissions using existing gNB hardware and not trigger any new emissions or compliance requirements.
In order to not negatively impact network capacity, it is important that the LP-WUS can be multiplexed with other NR transmissions in time and frequency, and that any unused LP-WUS resources can be reused for dynamic scheduling.
[bookmark: _Toc118667255][bookmark: _Toc127356106][bookmark: _Toc134963548]It should be possible to multiplex the LP-WUS with other NR transmissions in time or frequency domain without causing interference.
[bookmark: _Toc118667256][bookmark: _Toc127356107][bookmark: _Toc134963549]It should be possible to reuse any unused LP-WUS time and frequency resources for other transmissions.
Regarding coverage, we think it is important from a system perspective that the coverage is not worse than for existing Paging PDCCH. Note that Rel-17 PEI is transmitted using PDCCH and DCI format 2_7.
[bookmark: _Toc118667257][bookmark: _Toc127356108][bookmark: _Toc134963550]Target the same coverage for LP-WUS as for Paging PDCCH.
3	WUS subcarrier spacing
Based on RAN1#112 agreements, it needs to be further studied whether subcarrier spacing (SCS) of WUS and other NR transmissions can be the same or different: 
	Agreement
For MC-ASK or MC-FSK waveform generation, SCS of a CP-OFDM symbol used for LP-WUS generation can be the same as SCS used for other NR transmissions in CP-OFDM symbol overlapping in time with, study whether SCS can be different.



In general, the support of mixed numerologies in the same band requires careful considerations to minimize inter-subcarrier interference and performance degradation. To avoid further increasing the complexity and better coexistence with different NR transmissions, it is desired to have the same SCS for WUS and other NR transmissions (in the same configured DL BWP). 
Another discussion point is that whether using a higher WUS SCS (compared to other transmissions) can be enable the multi-bit OOK-WUS generation (within one OFDM symbol). For example, if the SCS for NR transmissions is 30 kHz (nominal SCS), WUS may have 60 kHz SCS by modulating every other subcarrier for WUS. Then, in the time domain, WUS is repeated within one OFDM symbol with the nominal SCS. To transmit two OOK bits in one OFDM symbol, time-domain masking (setting samples to zero) can be applied to the first half or second half of the generated samples at the output of IFFT(as illustrated in Figure 1) However, with a single IFFT block, this approach results in the coexistence issue and impact on other NR transmissions due to the time-domain operation.

[image: ]
[bookmark: _Ref131446736]Figure 1: Generating multi-bit OOK WUS by using every K subcarriers.
To multiplex multi-bit OOK WUS with other NR transmissions, one approach could be to use two IFFT blocks. In this case, WUS SCS needs to be an integer multiple of the SCS used for other transmissions (i.e., WUS SCS=M*NR SCS, M is integer). However, gNB complexity significantly increases dur to multiple IFFTs. Therefore, different subcarrier spacings for WUS and other NR transmissions is results in a limitation for FDM multiplexing between WUS and other NR transmission.
[bookmark: _Toc134963484]If OOK-WUS SCS is different from SCS used for other NR transmissions, FDM multiplexing between other NR transmissions and OOK-WUS requires time-domain masking to generate OFF symbols of OOK-WUS. This operation is different from supporting FDM of OFDM-based NR transmissions with different SCS and results in significantly higher gNB complexity.
[bookmark: _Toc134963551]Same SCS is assumed for OOK-WUS and other NR transmissions in a given carrier. 

4	OOK generation with OFDM
In RAN1#112, it was agreed to further study options OOK-1 to OOK-4. 
4.1	Option OOK-1: Single-bit in 1 OFDM symbol
OOK WUS can be generated by transmitting one bit (0 or 1) per OFDM symbol. In this case, to generate “1” WUS subcarriers carry random data (e.g., with QPSK modulation) while “0” is generated by having zero-power WUS subcarriers, as illustrated in Figure 2.  To simplify receiver complexity, Manchester coding can be used, where ON and OFF-symbols are transmitted in pairs of either (ON, OFF) or (OFF, ON). This way the receiver can compare the received energy in the first and second half of the pair to make a decision.
Figure 3 shows the time domain of the generated WUS signal (only WUS is shown) over one slot. Also, the power spectral density (PSD) of the transmitted signal is shown considering both WUS (with random QPSK input) and non-WUS (with 64 QAM input) transmissions. As we can see, single-bit OOK generation of ON/OFF signal with random population of subcarriers (e.g., with QPSK) is straightforward with minimum impact on the OFDM transmitter.

[image: ]
[bookmark: _Ref127180680]Figure 2: Single-bit OOK generation using OFDM with random QPSK subcarriers.
[image: ][image: ]
[bookmark: _Ref127514289]Figure 3: Time domain representation (only WUS) and PSD of single-bit OOK generated with OFDM (WUS subcarriers populated with random QPSK).

4.2	Option OOK-2: Parallel M-bit OOK in frequency domain
In this method, WUS subcarriers are divided into M segments possibly with guard-bands in-between segments and/or around the entire WUS subcarriers. Each segment represents one bit by modulating all subcarriers of the segment (for transmitting 1) or having zero power on all those subcarriers for transmitting 0. On the receiver side, parallel OOK chains are needed to filter out different segments. Figure 4 illustrates the parallel M-bit OOK generation method. Also,  Figure 5 shows the time domain of the generated WUS signal (only WUS is shown) over one OFDM symbol and the PSD of the transmitted signals.
[image: ]
[bookmark: _Ref131100990]Figure 4: Parallel M-bit OOK generation in frequency domain.
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[bookmark: _Ref131101087]Figure 5: Time domain representation (only WUS)  and PSD of parallel multi-bit OOK in frequency domain generated with OFDM (coded bits in one OFDM symbol: [0,1,0,1]). 

4.3	Option OOK-3: Multi-tone single-bit OOK
In this method, WUS subcarriers are divided into L segments possibly without guardband in-between segments. For each UE/UE group indication, one subcarrier of each segment is used which is to the UE/UE group (e.g., the first subcarrier of each segment is used for targeting a specific UE/UE group). With M segments each containing N subcarriers, it is possible to indicate N different UEs/UE groups while allocating L subcarriers for each WUS transmission. Figure 6 illustrates the multi-tone single-bit OOK generation method. Also,  Figure 7 shows the time domain of the generated WUS signal (only WUS is shown) over one OFDM symbol and the PSD of the transmitted signals. Here, four segments are considered and only one UE/UE group is targeted. 

[image: ]
[bookmark: _Ref131100192]Figure 6: Multi-tone single-bit OOK generation block diagram.
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[bookmark: _Ref131100368]Figure 7: Time domain representation (only WUS) and PSD of multi-tone single-bit OOK generated with OFDM.

4.4	Option OOK-4: Transform M-bit OOK in time domain
In RAN1#112, the option of transmitting multiple OOK bits within one OFDM symbol was also discussed. One approach for this is least square (LS) waveform fitting based on ‎[3]. Another approach is based on DFT precoding. In RAN1#112bis, the following agreements were reached:
	Agreement
Study further methods to modulate input signal of the DFT/Least-Square block for OOK-4, and methods to modulate input signal of N SCs for other MC-ASK/FSK schemes
· study methods with respect to 
· improving frequency diversity by flattening the spectrum, frequency repetition and frequency hopping
· impact to dynamic range of RE power in frequency domain
· FFS: impact to PAPR of generated time domain modulated MC-ASK/FSK symbol
· improving robustness to timing error necessary spectrum adjustment for compatibility with CP-OFDM generation



[bookmark: _Toc115449110][bookmark: _Toc115449112]Approach 1: Waveform fitting approach 

[image: ]
[bookmark: _Ref127514640]Figure 8: Multi-bit OOK generation with least square waveform approximation approach.

Waveform fitting approach can be described as follows:
Let  be the number of subcarriers used for WUS generation. As an example,  subcarriers are used for frequency domain input to the IFFT block denoted by  ,   with  being the index of the first subcarrier. The output of an N-point IFFT is the time domain samples of length :  . The objective is to find optimal input values  for which the output  is as close as possible to a desired output . One example of  is an OOK sequence. In addition, there can be some constraint on the input values  from implementation and power spectral density perspective.

where  is a loss/error function.  
In this case, a least square (LS) waveform fitting approach can be used which is summarized in Figure 8Figure 3.  Figure 9 shows the time domain OOK symbols representing WUS waveform [0,1,0,1] within one OFDM symbol (including cyclic prefix) generated using this approach. 12 PRBs for WUS and 2048 IFFT size are assumed for this case. In addition, Figure 9 shows PSD of WUS signal and other non-WUS transmissions for the waveform fitting approach. 
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[bookmark: _Ref130382936]Figure 9: Time domain representation (only WUS, one OFDM symbol) and PSD of multi-bit OFDM-based OOK generation with waveform fitting (coded bit in one OFDM symbol: [0,1,0,1]).
Approach 2: DFT based approach 
Another possible approach for generating a multi-bit OOK waveform is based on DFT, as summarized in Figure 10. In this case, an M-point DFT is used to convert a set of time samples to frequency domain equivalence on WUS subcarriers used as inputs to the IFFT.
[bookmark: _Hlk127471517]Figure 11 shows the time domain OFDM-based OOK generation representing WUS waveform [0,1,0,1] within one OFDM symbol (including cyclic prefix) for the DFT based approach.  Also, it shows PSD of WUS signal and other non-WUS transmissions. 

[image: ]
[bookmark: _Ref130383060]Figure 10: Multi-bit OOK generation with DFT based approach.
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[bookmark: _Ref130383104]Figure 11: Time domain representation (only WUS, one OFDM symbol) and PSD of multi-bit OFDM-based OOK generation with DFT based approach (codded bit in one OFDM symbol: [0,1,0,1]).

[bookmark: _Hlk133852982]Note that with OOK-4 (DFT-s or waveform fitting approaches) the gNB may need to support additional DFT (or another transform for LS approach) or pre-generate and store frequency domain symbols. Additionally, the frequency domain symbols used as inputs of IFFT may not be similar to those used for generating existing NR signals (e.g., M-QAM). Mapping the generated frequency domain values (before IFFT) to existing sequences/QAM modulations could be considered for this approach to reduce the impact on gNB. Figure 12 illustrates constellation mapping of multi-bit OOK WUS to a 64QAM constellation. Figure 13 shows the link-level performance of 2-bit OOK and 4-bit OOK after mapping their corresponding frequency domain symbols to a 64 QAM constellation. As we can see, the WUS detection performance impact due to the mapping of frequency domain M-OOK symbols to the 64 QAM constellation is negligible.


[image: ]
[bookmark: _Ref134015669]Figure 12: Constellation mapping for multi-bit OOK WUS (4-bit OOK case mapped to 64QAM).

[image: ]
[bookmark: _Ref133852660]Figure 13: Performance of multi-bit OOK with mapping to 64QAM constellation (prior to IFFT). 

One way to reduce the gNB complexity for OOK-4 is to pre-store a set of frequency domain WUS symbols for different cases. However, considering that the frequency domain symbols depend on the various parameters such as WUS bandwidth, payload/sequence, and number of OOK segments, the number of combinations can be large. Also, even with pre-store sets of frequency domain symbols, the gNB needs to dynamically select a suitable set based on the scenario. Therefore, OOK-4 increases gNB complexity compared to OOK-1.

Observation 1 [bookmark: _Toc134963485][bookmark: _Toc127513839]For OOK-based LP-WUS waveform generation
a. [bookmark: _Toc134963486]OOK-1 (i.e., OOK WUS generation with single bit per OFDM symbol) is straightforward with minimum impact on the OFDM transmitter in gNB.  
b. [bookmark: _Toc134963487]OOK-4 (i.e., OOK WUS generation with single bit per OFDM symbol) using waveform fitting or DFT-based approach increases gNB complexity compared to OOK-1. 
c. [bookmark: _Toc134963488]Waveforms for OOK-4 could have different frequency domain characteristics/PAPR compared to existing NR transmissions and may negatively impact gNB emissions
i. [bookmark: _Toc134963489]Mapping of frequency domain M-OOK symbols to existing NR sequences/QAM constellations should be considered as this can minimize potential PSD, PAPR, and implementation issues.
ii. [bookmark: _Toc134963490]WUS-detection impact due to mapping of frequency domain M-OOK symbols to a 64 QAM constellation is negligible.
d. [bookmark: _Toc134963491]OOK-4 increases gNB complexity even with pre-storing of the frequency domain WUS symbols since the frequency domain symbols depend on various parameters such as WUS bandwidth, payload/sequence, and number of OOK segments. 
As previously discussed, OOK-1, single-bit OOK generation of ON/OFF signal with random population of subcarriers (e.g., with QPSK), is the most straightforward approach with minimum impact on the gNB. For OOK-1 the gNB does not need to perform additional computations and it can use any existing setup for populating the WUS subcarriers in ON symbols.  

[bookmark: _Toc118667392][bookmark: _Toc118693249][bookmark: _Toc127356109][bookmark: _Toc134963552]OOK-1 is considered as the baseline scheme for OOK-based LP-WUS waveform generation.
5	FSK generation with OFDM
In RAN1#112, the following was agreed:
	Agreement
For M-bit MC-FSK generation study further the following options
· Option FSK-1: N SCs of LP-WUS are separated to M pairs of segments with potential guard-bands in-between and around. 
· segment comprises one sub-carrier or multiple contiguous SCs
· in a pair of segments one segment is modulated, other segment is zero power (from base-band point of view)
· Option FSK-2: N SCs of LP-WUS are separated to 2^M segments with potential guard-bands in-between and around.
· segment comprises one sub-carrier or multiple contiguous SCs
· one segment from 2^M segments is modulated, other segments of SCs are zero power (from base-band point of view)
· M >0
· N >1
· Study how to generate segment in time domain, e.g. OOK-1 or OOK-4 
· Other options are not precluded.


5.1	Option FSK-1: M pairs of segments in frequency domain for M-bit information

To transmit M-bit information, FSK WUS can be generated by separating N SCs to M pairs of segments in one OFDM symbol. Each pair of segments carries one bit information, and one segment in one pair is modulated while the other segment is zero power based on the bit carried is 1 or 0. Each segment comprises one subcarrier or multiple contiguous subcarriers.
[image: ]
Figure 14:  FSK signal generation of M pairs of segments in frequency domain for M-bit WUS transmission.

Figure 15 shows the power in frequency domain before OFDM modulation, the other transmissions and WUS transmission are QPSK symbols. Each segment comprises several contiguous subcarriers. 4 pairs, 8 segments and one certain guard band between adjacent segments are shown. 
[image: ]
[bookmark: _Ref131672439]Figure 15: Power allocation for 4 pairs of segments in frequency domain.

Considering the receiver, each segment is filtered to detect and decide if there is WUS transmission in time domain. Let’s see the time domain signal of one segment. To be simple, take M=1 for example in the following analysis. Based on the number of SCs per segment, there are two options that are each segment comprises one subcarrier or multiple contiguous subcarriers. Assume the symbol(s) mapped on the subcarriers for WUS transmission is fixed QPSK symbols. When M=1, WUS can be considered as 2FSK modulation signal. The time domain signal of WUS after OFDM modulation is shown below.
[image: ]
Figure 16: Discontinuous phase FSK modulation caused by CP insertion.
WUS is phase discontinuous FSK modulation caused by CP insertion, which causes power leakage and FSK demodulation performance. To solve this problem, we could compensate some certain phase shift before OFDM modulation. The complex sequence mapped on L contiguous subcarriers for i-th OFDM symbol can be denoted as . The corresponding subcarrier index vector is denoted as . As a result, the WUS signal for i-th OFDM symbol is,

Let the length of CP corresponding to WUS transmission spanning  OFDM symbols be denoted by a constant vector , where  is the CP length of the -th OFDM symbol in one WUS transmission. To eliminate the phase discontinuous problem caused by CP, the complex sequence mapped on L contiguous subcarriers for i+1-th OFDM symbol should meet,

Where the phase shift element is,

The figure shows that the phase is continuous after CP insertion in case of bit 0 and bit 1 are modulated on single subcarrier or multiple subcarriers.

[image: ]
Figure 17: Continuous phase FSK modulation based on OFDM system.

When the subcarrier is single, the envelope is flat. When the subcarriers are multiple, the sequence impacts the envelop of the time domain WUS signal. The below figure shows the time domain signal of WUS when the number of contiguous subcarriers is 8, the complex sequence is ones or some 256QAM symbols.
[image: ]
Figure 18: Envelop of time domain WUS signal depends on the sequence mapped on multiple subcarriers.


5.2	Option FSK-2: 2^M segments in frequency domain for M-bit information
[image: ]
Figure 19: FSK signal generation of 2^M segments in frequency domain for M-bit WUS transmission.

To transmit M-bit information, FSK WUS can be generated by separating N SCs to 2^M segments in one OFDM symbol. Each segment carries one kind of bit group, such as segment 1 has power only when the M-bit is ’00..0’, otherwise it has no power. Each segment comprises one subcarrier or multiple contiguous subcarriers. 
[bookmark: _Toc134963492]For FSK-based LP-WUS waveform generation
e. [bookmark: _Toc134963493]Phase discontinuous FSK modulation caused by CP, causes power leakage and higher requirement of timing synchronization in receiver.
f. [bookmark: _Toc134963494]For the case of each segment comprises multiple subcarriers, the sequence mapped on the subcarriers impacts the envelop of time domain WUS signal. For the energy detection method such as envelop detector in the receiver, flat envelop signal should be designed to improve the detection performance.
g. [bookmark: _Toc134963495]For FSK-1, compensation of the phase shift caused by CP before OFDM modulation may be needed.
h. [bookmark: _Toc134963496]For FSK-1, the complex sequence mapped on the subcarriers for WUS transmission should be studied further.
i. [bookmark: _Toc134963497]FSK-2 needs more segments than FSK-1 when  to carry same information.
6	OFDMA-based WUS 
In this section, we briefly discuss OFDM-based WUS generation using existing NR sequences. For example, in DL, there exist PSS and SSS as part of the synchronization signal block (SSB) used e.g. for time and frequency synchronization during the cell search procedure. PSS is generated based on BPSK modulated m-sequence of length 127, while SSS is generated based on BPSK modulated Gold-sequence of length 127. When mapping onto time and frequency domain resources, each PSS and SSS in an SSB occupies 127 subcarriers in one OFDM symbol. In UL, low PAPR Zadoff-Chu sequences are used as root sequences, e.g., for generating sequences for PUCCH format 0 and format 1 as well as SRS, where different sequence lengths can be generated depending on the configurations. 
The above sequences have “good” autocorrelation and cross correlation properties, making it possible to perform correlation-based detection both in time and frequency domain, and can thus be considered as potential candidates to use as Rel-18 LP-WUS. Given that WUS transmission is in DL, it is especially reasonable to consider existing DL NR sequences. In Section 7, results for detection performance of OFDM-based WUS using PSS/SSS are provided. 
[bookmark: _Toc134963553]Reuse existing DL NR sequence generation approaches for OFDMA-based LP-WUS waveform generation.
7	Link-level evaluations
Our main assumptions for the link-level evaluations are summarized in Table 1.
[bookmark: _Ref127280451]Table 1: General simulation parameters for link-level evaluations.
	Parameters 
	Value

	Carrier frequency 
	2.6 GHz

	Channel 
	TDL-C

	SCS
	30 kHz

	Delay spread 
	300 ns

	UE speed
	3 km/h

	UE Rx antennas 
	1 for WUR

	WUR sampling rate 
	8 Mbps

	WUS bandwidth
	For OOK WUS: 
· 5 MHz (for 30 kHz SCS: 12 PRBs+ ~ 1 PRB guard band each side of WUS)
For SSS-based WUS:
· 3.81 MHz (for 30 kHz SCS: 127 subcarriers for SSS)

	Number of ADC bits
	8

	Receiver filter
	3rd order Butterworth, filter BW is larger than WUS BW to compensate for the frequency error

	Non-WUS transmissions
	Adjacent channel interference from other NR transmissions is considered. 

	Max. false alarm due to noise or random symbols
	0.1%

	Frequency offset (ppm)
	For OOK WUS: 
· 50 ppm maximum frequency error
For SSS-based WUS
· 5ppm, 10 ppm maximum frequency error for WUR performing FFT/frequency domain correlation
· 50 ppm maximum frequency error for WUR that processing I/Q samples using time-domain correlation (and no FFT)

	WUS payload/sequence
	For payload based OOK WUS: 
· See payload size and CRC bits in respective results below
For sequence-based OOK WUS: 
· 14 OFDM symbols: 0 1 0 1 1 0 0 1 1 0 1 0 1 0
· 6 OFDM symbols: 0 1 1 0 1 0
· 4 OFDM symbols: 0 1 1 0
For SSS-based WUS:
· 127 subcarriers of SSS sequence in frequency-domain mapped onto 1, 2, or 4 OFDM symbols

	Rx approach
	Sequence based: Correlation based detector with desired WUS sequence known a priori to UE and detection of known sequence indicates wake-up.
Payload based: based on Manchester decoding.

	PDCCH for coverage comparison
	48 PRBs, 2-symbol CORESET, AL {8, 16}
TDL-C channel, {1-Rx, 2-Rx, 4-Rx}

	Msg3 PUSCH for coverage comparison 
	2 PRBs, 56 bits TBS, 14 OFDM symbols assumed. Performance with and without re-transmissions is considered.



7.1	WUS based on OOK
7.1.1 Sequence based
Figure 20 shows initial link performance evaluation results of sequence-based OOK WUS detection. Here OOK WUS sequence is generated based on OOK-1 (See Section 4). Evaluation assumptions are given in Table 1. Evaluations show missed detection rate (MDR) for a correlation-based detector with FAR target of 0.1%. 

[image: Chart

Description automatically generated]
[bookmark: _Ref127514949]Figure 20: Missed detection performance of OOK based WUS.

Impact of other cell interference
Similar to the case of payload-based OOK WUS, the impact of adjacent cell interference (ACI) onto WUS subcarriers can be shown. In Figure 21, we show the missed detection performance impact due to other-cell interference where, when the interference is present, the signal power relative to the interference power ratio (SIR) varies from -3 dB to 0 dB. As we can see, the impact can be significant when the interference is stronger than the signal. The impact can however be reduced with longer duration of OOK WUS in time domain.
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Description automatically generated with medium confidence]
[bookmark: _Ref131541669]Figure 21 Missed detection performance of OOK based WUS with different SIR assumptions.
7.1.2 Payload based
For payload-based detection, an error detection code is needed if a certain error detection probability (or false alarm probability) needs to be satisfied. With an n-bit CRC added to the data, the error detection probability is  thus the false alarm probability is . For example, considering a false alarm probability target , at least a 10-bit CRC is needed. 
7.1.2.1 OOK with single bit per OFDM symbol
Here, we show the link-level performance of single-bit OOK and evaluate the impact of various parameters. 
Raw BER results

WUS bandwidth:

Figure 22 shows that the link performance improves by increasing the WUS bandwidth. This is because, in addition to the frequency diversity, the total WUS energy increases by increasing the WUS bandwidth (for a fixed PSD at the transmitter) which enhances the detection performance of the energy detector-based WUR. For example, for a 5 MHz WUS bandwidth the link performance is considerably better than that of 1.4 MHz bandwidth. However, a larger bandwidth results in the higher network overhead which is not desired.  
[image: ]
[bookmark: _Ref133867348]Figure 22: Impact of WUS bandwidth on BER.

[bookmark: _Toc134963498]Following is observed from link performance evaluations on WUS BW
j. [bookmark: _Toc134963499]The link performance improves by increasing the WUS bandwidth due to the increase of the frequency diversity and signal energy, at the cost of a higher network overhead. 
k. [bookmark: _Toc134963500]The link performance of a 1.4 MHz WUS is at least 6 dB worse than that of a 5 MHz WUS.
WUS guardband:
Figure 23 and Figure 24 show the impact of WUS guardband (GB) on the link performance for 5 MHz and 1.4 MHz WUS bandwidth. While with a larger guardband adjacent channel interference decreases, the frequency diversity also decreases as the WUS transmission bandwidth decreases. Therefore, the amount of guardband needs to be selected considering the tradeoff between frequency diversity and adjacent channel interference. From these results, it is sufficient to have 2 RBs total guardband for 5 MHz WUS bandwidth, and 0.5 RB for 1.4 MHz WUS bandwidth.

[image: ]
[bookmark: _Ref133910959]Figure 23: Impact of WUS guardband (GB) on BER (5 MHz WUS bandwidth).

[image: ]
[bookmark: _Ref133910998]Figure 24: Impact of WUS guardband (GB) on BER (1.44 MHz WUS bandwidth).
[bookmark: _Toc134963501]Following is observed from link performance evaluations on WUS guardband(GB)
l. [bookmark: _Toc134963502]The amount of WUS GB needs to be selected considering the tradeoff between frequency diversity and adjacent channel interference. 
m. [bookmark: _Toc134963503]For 5 MHz WUS bandwidth, performance impact due to adjacent subcarrier interference is minimized if 2 RBs total GB is provided 
n. [bookmark: _Toc134963504]For 1.4 MHz WUS bandwidth, performance impact due to adjacent subcarrier interference is minimized if 0.5 RBs total GB is provided
SSS sequence vs. random QPSK
For single-bit OOK approach, subcarriers corresponding to ON symbols can be populated with different values, for example, random QPSK or a sequence. Figure 25 shows the BER performance of random QPSK and SSS sequence for modulating WUS subcarriers (127 subcarriers are considered here). As expected, for the same signal power the BER performances of these two cases are the same as the OOK receiver only uses amplitude (or energy) of the received signal for WUS detection.
[image: ]
[bookmark: _Ref131102968]Figure 25: SSS sequence vs. random QPSK for ON symbols (127 WUS subcarriers).
[bookmark: _Toc134963505]For modulating ON symbols in OOK-1 based WUS, using SSS-based sequence vs. random QPSK results in similar BER performance for the same signal power.  
Other-cell interference:
Figure 26 shows the impact of adjacent cell interference on the BER. In this result, the signal-to-interference ratio (SIR) varies from 6 dB to -3 dB. As we can see, the impact of adjacent cell interference can be significant when the interference is stronger than the signal (e.g., SIR= -3 dB).

 [image: ]
[bookmark: _Ref131103314]Figure 26: Impact of other cell interference on BER.

[bookmark: _Toc134963506]FOR OOK1-based WUS, other cell interference results in performance degradation when the interference is stronger than the signal (e.g., ~4dB degradation for -3dB SIR compared to no interference case).
UE speed:
In Figure 27 we evaluate the impact of UE speed on the link performance for the Rural scenario (700 MHz carrier frequency). As we can see, the coverage performance slightly degrades (~ 1 dB) when the UE speed increases from 3 km/h to 120 km/h. Note that the impact of UE speed on the coverage is small as the channel coherence time with 120 km/h is around 5 ms (i.e., several slots) which does not cause any considerable fast fading effect. 
Channel coherence time is given by  where   is the speed of UE, and  m/s is the speed of light. Channel coherence time with 120 km/h is around 5 ms (i.e., several slots).

[image: ]
[bookmark: _Ref131103816]Figure 27: Impact of UE speed on BER.

[bookmark: _Toc134963507]For OOK1-based WUS, UE speed up to 120kmph has a relatively minor impact on the link performance (<1dB difference between 3kmph and 120kmph) 
BLER Results
Here we present BLER results for different block sizes. In Figure 28 we consider the following cases with Manchester encoding, and single codded bit per OFDM symbol:
· 3 bits information+10 bits CRC
· 8 bits information+10 bits CRC
· 48 bits information+10 bits CRC
· 48 bits information+24 bits CRC
In the above cases, 8 bits and 48 bits to can be used to indicate group IDs and UE IDs, respectively.
 [image: ]
[bookmark: _Ref131511136]Figure 28: BLER performance for different block sizes.

Repetition:
In order to match WUS coverage with PDCCH, repetitions may need to be applied. Figure 29 shows the BLER performance with WUS repetitions {2,4,6} for different payload sizes. Note that for the WUS case, 1Rx antenna is assumed. As we can see, a repetition factor 2 improves the BLER performance by around 2 dB (considering non-coherent combining). Also, the number of required repetitions depend on the noise figure difference between WUR and main receiver. 
 [image: ]
[bookmark: _Ref131510009]Figure 29: BLER performance with repetition for WUS.
[bookmark: _Toc134963508]For payload-based design of OOK-1 WUS, a relatively large number of WUS repetitions (tens or hundreds of slots depending on WUS payload) are needed to match PDCCH coverage.
o. [bookmark: _Toc134963509]For non-coherent WUS detection of OOK1-based WUS, every repetition factor of 2 improves the link performance by around 2 dB.
7.1.2.2 OOK with M-bit per OFDM symbol
Here, we present the link-level results for M-bit OOK with OOK-2 and OOK-4 methods.
Raw BER results
Figure 30 and Figure 31 show the raw BER for M-bit OOK generation with least square (LS) and DFT-s approaches. For M-bit OOK generation, the link-level performance significantly degrades when M increases to 8.
Also, Figure 32 shows the performance of M-parallel-OOK approach (OOK-2) with and without guardband (GB) between segments (with GB, 6 subcarriers on each side of each segment are used for guardband).  As we can see, guardband between segments is needed to improve the link performance especially for M>2. 
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[bookmark: _Ref131497223]Figure 30: BER performance of least square approach (OOK-4).
[image: ]
[bookmark: _Ref131498054]Figure 31: BER performance of DFT-s approach (OOK-4).
[image: ]
[bookmark: _Ref131498688]Figure 32: BER performance of parallel-OOK approach (OOK-2).

Note that for M-parallel OOK method (OOK-2), the total power can be smaller than OOK-4 if the same PSD needs to be maintained (i.e., no power boosting). Figure 33 shows results for OOK-2 with power scaling (to have the same total power as OOK-4 but affecting PSD) and without power scaling.
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[bookmark: _Ref131518337]Figure 33: BER performance of different M-OOK approaches.

[bookmark: _Toc134963510]For M-bit OOK generation, the DFT-based method and least square method (OOK-4) have a similar coverage performance and outperform parallel M-bit OOK method (OOK-2). 
BLER results
In Figure 34 we show the BLER results for different WUS block sizes. We consider multi-bit OOK generation using DFTs approach. The following cases with Manchester encoding:
· 8 bits information+10 bits CRC
· 48 bits information+10 bits CRC
· 48 bits information+24 bits CRC
In the above cases, 8 bits and 48 bits to can be used to indicate group IDs and UE IDs, respectively.
Comparing 1-bit OOK with multi-bit OOK shows that the BLER performance degrades by increasing the number of OOK bits per OFDM symbol. Therefore, multi-bit OOK does not reduce the overhead needed to reach the PDCCH coverage (see Annex for PDCCH link-level results). 
[bookmark: _Toc134963511]Multi-bit OOK WUS (e.g., OOK-2 or OOK4) does not reduce the overall time-frequency resources needed to reach the PDCCH coverage. This is because the link performance degrades by increasing the number of OOK bits per OFDM symbol.  
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[bookmark: _Ref131524218]Figure 34: BLER for different block sizes with M-OOK using DFTs approach.
7.1.2.3	Impact of impairments 
Here, we evaluate the impact of various receiver impairments.
Frequency error:
Figure 35 shows that the impact of frequency error (up to 200 ppm) on the OOK coverage is small. To compensate for the frequency error, we assumed that the receiver expands its bandwidth proportional to the maximum frequency error.
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[bookmark: _Ref133860174]Figure 35: Impact frequency error on single-bit OOK BER performance.

[bookmark: _Toc134963512]For the OOK-based WUS, the impact of frequency error (up to 200 ppm) on the link performance is relatively small.

Timing error: 
The following figures show the impact of timing error (1 us, 2 us, 4 us) on the OOK coverage for single-bit OOK and multi-bit OOK cases. As we can see, the impact of timing error on the link performance can be significant especially for the multi-bit OOK. In fact, when the timing error is comparable with an OOK segment duration, its impact becomes significant. For example, for the 4-bit OOK case, the duration of each OOK segment is around 8 us and in this case a timing error of 4 us severely degrades the link performance (see Figure 38).
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Figure 36: Impact timing error on 1-bit OOK BER performance.
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Figure 37: Impact timing error on 2-bit OOK BER performance.
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[bookmark: _Ref133861470]Figure 38: Impact timing error on 4-bit OOK BER performance.

[bookmark: _Toc134963513]OOK-based WUS performance is sensitive to a timing error 
p. [bookmark: _Toc134963514]The allowable timing error should be an order of the magnitude smaller than each OOK segment duration.
q. [bookmark: _Toc134963515]For OOK-4 based WUS is more sensitive compared to OOK-1 based WUS and following is observed from the evaluations (5MHz WUS BW)
i. [bookmark: _Toc134963516]OOK-1 robust (<1dB degradation) up to 4us timing error
ii. [bookmark: _Toc134963517]OOK-4 with 2-bits per OFDM symbol robust (<1dB degradation) up to 2us timing error
iii. [bookmark: _Toc134963518]OOK-4 with 4-bits per OFDM symbol robust (<1dB degradation) up to 1us timing error
ADC bits:
Here we evaluate the impact of ADC bit width on the coverage. Increasing ADC bits is beneficial for reducing the quantization error thus improving the coverage. Also, a larger ADC bit width improves the dynamic range which is the range of signal amplitude that ADC can resolve/detect. For an  bit ADC, the dynamic range is around . Therefore, every additional ADC bit expands the dynamic range by 6 dB. Moreover, increasing ADC bit width improves interference mitigation. However, the receiver power consumption increases with more ADC bits.
Figure 39 shows the impact of ADC bit width on the link performance. This result shows that the performance of 1-bit ADC is extremely poor. 

[image: ]
[bookmark: _Ref131510152]Figure 39: Impact of number of ADC bits on BER.

[bookmark: _Toc134963519][bookmark: _Toc127513908]For OOK-based WUR
r. [bookmark: _Toc134963520]Increasing ADC bit width is beneficial in terms of coverage, interference mitigation, and dynamic range of signal reception.
s. [bookmark: _Toc127513909][bookmark: _Toc134963521]The coverage performance of single-bit ADC is extremely poor. 
[bookmark: _Toc127356116][bookmark: _Toc134963554]OOK-based WUR should support multi-bit ADC (e.g., bit width 4 or 8) to improve its sensitivity. 
7.2	WUS based on FSK
7.2.1 FSK with single bit per OFDM symbol
To transmit 1-bit per OFDM symbol, there are two segments in the frequency. For this case, the signal transmitter and receiver are same for FSK-1 and FSK-2. Here we show the link-level simulation results for different payload bits and GB bandwidth with 5MHz WUS bandwidth, the receiver uses envelop detector.
WUS guardband:
For the 2-FSK signal generation, each side of one segment leaves one guardband in the simulation. 
[image: ]
Figure 40: Signal segment separation and guardband allocation for 2-FSK.
The result shows the performance when the number of PRBs is 2,3,4,5 for each segment, and the number of PRBs for each guardband is 2, 1.5, 1 and 0.5 respectively.
[image: ]
Figure 41: BER performance for different guardband bandwidth.

Block Size:
Here is the BLER results for different block sizes. The following cases are considered
· 3 bits information+10 bits CRC
· 8 bits information+10 bits CRC
· 48 bits information+10 bits CRC

[image: ]
Figure 42: BLER performance for different block sizes.

7.2.2 FSK with multi-bit per OFDM symbol
For M-bit FSK signal transmission, there are two options that are FSK-1 and FSK-2. When M=2, the two options have same total 4 segments in frequency. To carry the 2-bits information, there are 2 segments are modulated with power for FSK-1, while only one segment for FSK-2.  
Here is the BLER results for FSK-1 and FSK-2 when the number of segments is 2 (M=1 bit) and 4 (M=2 bits), block size = 18bits.  
[image: ]
Figure 43: BLER performance for different segments and FSK options.


[bookmark: _Toc134963522]For FSK-based LP-WUS
t. [bookmark: _Toc134963523]4~6 RBs total guardband are needed for 5 MHz WUS bandwidth to avoid performance degradation due to adjacent subcarrier/segment interference
u. [bookmark: _Toc134963524]The performance of 2-FSK is worse than OOK-1 about 3 dB when the data rate is same at the performance of 1% BLER, and the complexity of receiver is more than OOK-1.
v. [bookmark: _Toc134963525]The performance decreases about 4 dB for the case of (Seg=4, FSK-2) compared with the case of Seg=2 at 1% BLER.
w. [bookmark: _Toc134963526]With less complexity in the receiver, the performance of the case (Seg=4, FSK-1) is worse about 3 dB at 1% BLER compared with the case of (Seg=4, FSK-2). 
7.3	WUS based on existing OFDMA-based signal structure
In this section, we evaluate detection performance of OFDMA-based WUS (see discussion in Section 6) using the existing NR SSS structure. Results are provided for a) detection of SSS in SSB structure based on WUR with frequency domain correlation and b) detection of SSS time domain samples based on WUR performing time-domain correlation of SSS I/Q samples. 
Performance of SSS-based WUS with WUR using freq. domain correlation
Figure 44 shows initial link performance evaluation results for sequence-based WUS based on existing signal (SSS in SSB) structure. Evaluation assumptions are given in Table 1. Evaluations show missed detection rate (MDR) for a correlation-based detector with FAR target of 0.1%. Figure 45 shows the impact of frequency offset error on the detection performance of WUS based on SS-based signal.
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[bookmark: _Ref134954070]Figure 44: Link performance of WUS based on existing signal (SSS) structure.
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[bookmark: _Ref134954073]Figure 45: Impact of frequency offset error on the link performance of OFDMA-based WUS.


[bookmark: _Toc134963527]The detection performance of existing SSS-based signal based WUS with WUR using freq. domain correlation is significantly better than that of OOK-based WUS with the same number of symbols used for the signal. 
x. [bookmark: _Toc134963528]The detection performance with frequency domain correlation is robust (<1dB degradation) for up to 10ppm frequency error.
Performance of existing SSS-based signal detection with WUR using time domain correlation
In this part, we consider existing SSS-based signal detection in time domain. That is, we assume that WUR is capable of receiving and processing I/Q samples in time-domain, without using FFT. Figure 46 shows initial link performance evaluation results for sequence-based WUS based on existing signal (SSS). Evaluation assumptions are given in Table 1. Evaluations show missed detection rate (MDR) for a time-domain correlation-based detector with FAR target of 0.1%. Figure 47 shows the impact of frequency offset error on the detection performance (with time-domain correlation). In Figure 48, we show the impact of adjacent cell interference on the detection performance with different signal to interference power ratio (SIR) from -3 dB to 0 dB.
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[bookmark: _Ref134954106]Figure 46: Link performance of SSS-based signal detection in time domain.
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[bookmark: _Ref134954131]Figure 47: Impact of frequency offset error on the performance of SSS-based signal detection in time domain.
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[bookmark: _Ref134954621]Figure 48: Link performance of SSS-based signal detection in time domain with different SIR assumptions.

[bookmark: _Toc134963529]The detection performance of existing SSS-based signal with WUR using time domain correlation is similar to that of WUR using frequency domain correlation and both provide significantly better performance than that of OOK-based WUS (with the same number of symbols used for the signal). 
y. [bookmark: _Toc134963530]The detection performance with time-domain correlation is robust (no degradation observed) for up to 50ppm frequency error.
z. [bookmark: _Toc134963531]Other cell interference results in some performance degradation when the interference is stronger than the signal (e.g., ~2dB degradation for -3dB SIR compared to no interference case). The degradation is smaller compared to OOK-based WUS.
7.4	Overhead impact comparison
Based on results in previous sections
· in Table 2 below we show the total WUS duration (with repetitions) in terms of number of slots needed to match performance of PDCCH used for paging (see Annex for PDCCH link-level results).
· In Table 3 below we show the total WUS duration (with repetitions) in terms of number of slots needed to match performance of PUSCH used for msg3 for different cases.

[bookmark: _Toc134963532]WUS duration required for matching PDCCH performance for different cases is shown in Table below.
[bookmark: _Ref131759935]Table 2: WUS duration for matching PDCCH coverage for different cases.
	WUS payload(modulation)
	Duration (slots) to match PDCCH 1Rx AL16 (for  Redcap) at 1% BLER
	Duration (slots) to match PDCCH 2Rx AL16 at 1% BLER
	Duration (slots) to match PDCCH 4Rx AL16 at 1% BLER

	1bit (OOK)
	10 slots
	 30 slots
	83 slots

	8bit (OOK)
	48 slots
	138 slots
	419 slots

	48bit (OOK)
	222 slots
	630 slots
	1900 slots

	1bit (OFDM)
	6 symbols 
	11 symbols
	23 symbols

	Note1: MDR = 1% and FAR = 0.1% assumed for above comparison. All 14 symbols assumed to be available for WUS in each slot.
Note2: For 1bit payload sequence-based detection is assumed. For 8bit and 48bit payload Manchester encoding is used (with 10bit CRC), and ideal timing is assumed (additional overhead for e.g., preamble to acquire timing not modeled). 10ppm freq. error for OFDM and 50ppm freq. error for OOK.
Note3: LP-WUR assumed to have 3dB worse NF than MR for OFDM-WUR and 6dB worse NF than MR for OOK-WUR.
Note4: Inter-cell interference impact not modeled.



[bookmark: _Toc134963533]WUS duration required for matching msg3-PUSCH performance for different cases is shown in Table below.
[bookmark: _Ref134954724]Table 3: WUS duration for matching Msg3-PUSCH coverage for different cases.
	WUS payload(modulation)
	Duration (slots) to match Msg3 (PUSCH) without re-transmission
	Duration (slots) to match Msg3 (PUSCH) with two re-transmissions

	1bit (OOK)
	2 slots
	8 slots

	8bit (OOK)
	10 slots
	45 slots

	48bit (OOK)
	40 slots 
	180 slots 

	1bit (OFDM)
	4 symbols (no need for repetition)
	5 symbols

	Note1: MDR = 1% and FAR = 0.1% assumed for above comparison. All 14 symbols assumed to be available for WUS in each slot.
Note2: For 1bit payload sequence-based detection is assumed. For 8bit and 48bit payload Manchester encoding is used (with 10bit CRC), and ideal timing is assumed (additional overhead for e.g., preamble to acquire timing not modeled). 10ppm freq. error for OFDM and 50ppm freq. error for OOK.
Note3: LP-WUR assumed to have 3dB worse NF than MR for OFDM-WUR and 6dB worse NF than MR for OOK-WUR.
Note4: Inter-cell interference impact not modeled.
Note5: For msg-3 2 PRBs, 56 bits TBS, 14 OFDM symbols is assumed.



8	WUS structure
In RAN1#112bis the following agreements were reached:
	Agreement
· Study further following alternatives to carry the LP-WUS information using: 
· Alt 1: by sequence(s) detection/selection  
· FFS sequence type
· Alt 2: by encoded bits 
· FFS: what type of encoding scheme
· FFS: with or without other bits (e.g. CRC/FCS)
· Other alternatives are not precluded
· Study whether LP-WUS information needs to be preceded by known one or more sequence(s).



In general, a sequence-based WUS structure is suitable for relatively small payloads and achieves a reasonable coverage considering the flexibility for proper sequence designs and detection techniques. Payload-based structures (i.e., coded bits), however, are suitable for large payloads yet they suffer from a limited coverage performance. Moreover, compared to a payload-based structure, a sequence-based structure has the benefits of lower overhead, synchronization, possibility of using existing signals, and potentially lower WUR power consumption. 
Based on our evaluations, a sequence-based WUS structure can achieve a desired coverage target with a reasonable overhead and can it can convey few information bits which are sufficient for various indications such as UE group ID or subgroup ID. 
[bookmark: _Toc134963534]Compared to a payload-based structure, a sequence-based WUS structure has the benefits of lower overhead (considering also synchronization) and possibility of using existing signals.
[bookmark: _Toc134963555]Prioritize the sequence-based WUS structure design with small WUS payload.  
9	LP-WUS-related procedures
In this section, we discuss L1 procedures related to operation of LP-WUS/WUR.
9.1	LP-WUR monitoring behaviour
In RAN1#112, the following agreements were reached:
	Agreement
Study further pros and cons of the following monitoring behaviors of LP-WUR
· Option1: Duty cycle, corresponds to LP-WUR switches between ON/OFF states 
· Option2: Continuous monitoring, corresponds to LP-WUR is ON all the time 




That is, in general, WUR operation can either be duty-cycled, i.e., as for Rel-15/16 WUS for NB-IoT/LTE-M and Rel-17 PEI, with the WUR switching between an active and a sleep mode, or continuously monitoring the DL using WUR, with the WUR constantly in the active mode. The main benefit of the ‘continuous-WUR’ is thought to be reduced DL latency. That is, the UE can we woken up at any time. However, as discussed above, the start up time of the main receiver (400ms transition time from ultra-deep sleep an 20ms transition time for regular deep sleep) anyway put a lower cap on the achievable DL latency. Therefore, a duty-cycle considerably shorter that the main receiver transition time, e.g. 50ms when the main-receiver is in ultra-deep sleep with a 400ms transition time, only increases the energy consumption without any noticeable improvement for the DL latency. Therefore, it may the difficult to motive continuous-WUR, especially since also the specification impact would be considerably larger. E.g. for Idle/Inactive, the paging monitoring framework with DRX, paging occasions, and paging frames in TS 38.304 cannot be reused and new start/stop conditions for DL monitoring using WUR must be defined.
[bookmark: _Toc131507200][bookmark: _Toc134963535]The MR transition time, 400 ms in ultra-deep sleep and 20 ms in deep sleep, is a lower bound for the achievable DL latency. Much more frequent WUR monitoring than this is only expected to increase the UE energy consumption without any noticeable improvement for the DL latency.
The main issue with Continuous-WUR is that since it is monitoring continuously it is very sensitive to false alarms, which starts up the MR and consumes a lot of energy. Therefore, the energy consumption for Continuous-WUR does not decrease with an increasing DRX cycle length in the same way as for the DRX baseline or the Duty-cycled WUR. Due to this false-alarm problem the power saving gain of Continuous-WUR is always smaller than for Duty-cycled WUR, and even becomes smaller than the DRX baseline at longer DRX cycle lengths.
[bookmark: _Toc131507203][bookmark: _Toc134963536]False-alarms are problematic for Continuous-WUR and cause the energy consumption reduction to be smaller than for Duty-cycled WUR, and even smaller than the DRX baseline for longer DRX cycles.
9.2	WUS triggered UE behaviour
The UE behavior upon receiving WUS will depend on the content of the WUS. The WUS content can range from being a simple 1-bit indication (cf. Rel-15 WUS for NB-IoT/LTE-M), to including more information like the UE subgroup (cf. Rel-16 GWUS for NB-IoT/LTE-M, and Rel-17 PEI), all the way to including a unique UE identifier. As a baseline. the WUS must trigger the UE to continue monitoring of the legacy paging procedure in the paging occasion (PO). This since the UE must receive the paging message on PDSCH and from the included paging records determine if it is being paged, or if paging is for some other UE sharing the PO (as outlined in below figure).
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Figure 49: Triggered UE behaviour for WUS without UE identifier.
In RAN1#111 it was discussed that If WUS carries the UE identifier, the UE can from WUS reception determine if it is being paged, and if it is, it can therefore directly trigger random access (as outlined in below figure). WUS with larger payload would negatively impact coverage. Also, additional specification efforts are required as this approach does not use legacy paging procedure.
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Figure 50: Triggered UE behaviour for WUS with UE identifier.

[bookmark: _Toc134963556]Consider WUS with small payload (e.g., one bit or few bits for indicating UE group ID or subgroup ID) triggering legacy paging procedure as baseline for the study.
9.3 	RRM measurements 
In RAN1#111 it was agreed to study ways to reduce the RRM contribution to the overall UE energy consumption to maximize the WUR gains:
	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)



In addition, the following agreement was reached in RAN1#112:
	Agreement

Study potential measurement metric used for RRM measurements performed by LP-WUR. 
· examples of measurement metric are signal quality, signal power, detection rate of LP-WUS/synch signal



Mobility measurements include serving cell measurements, neighbour cell measurements which can be intra or inter-frequency measurements. Serving cell measurements needs to be performed most frequently and will therefore have the biggest impact on UE energy consumption. Further, intra- and inter-frequency cell measurements are only performed when the UE’s serving cell is weak and the searches for a new serving cell. In a well deployed network this is only temporary and for long-term steady-state it is therefore serving cell measurements that are most relevant for UE energy consumption evaluation.
[bookmark: _Toc131708139][bookmark: _Toc134963557]For evaluation of RRM measurement impact on UE energy consumption, serving cell measurements are considered.
Serving cell measurements are defined in TS 38.133 Clause 4.2.2.2, and an extract is given below:
	The UE shall measure the SS-RSRP and SS-RSRQ level of the serving cell and evaluate the cell selection criterion S defined in TS 38.304 [1] for the serving cell at least once every M1*N1 DRX cycle; where:
	M1=2 if SMTC periodicity (TSMTC) > 20 ms and DRX cycle ≤ 0.64 second,
	otherwise M1=1.



SS-RSRP and SS-RSRQ are measured on SSS and in FR1 the Scaling Factor N1 is equal to 1. Therefore, a UE must perform serving cell measurements either every DRX cycle or every 2nd DRX cycle in FR1 (somewhat more relaxed in FR2).
In general, there are three alternative solutions for RRM measurements with LP-WUR operation:
A. [bookmark: _Hlk127482759]WUR measurement on legacy SSB (no measurements by MR)
B. WUR measurement on a new WUR-specific reference signal (LP-SS)
C. MR measurement on legacy SSB (no measurement by WUR)

Solution A is applicable for WUR capable of receiving legacy SSS (i.e., a somewhat more capable WUR). Solution B requires the introduction of a new WUR-specific reference signal, e.g., the LP-SS as discussed in previous meetings. This implies introduction of new always-on broadcast signals for this feature, and possibly new measurements requirements and would also result in additional NW overhead/energy consumption. Avoiding new always on signals is one of the key considerations from NW operation perspective. Solution C means the main receiver is started-up periodically to perform the RRM measurements. As shown in Section 4.1.3 ‘Impact of RRM measurements’ in [4], measurement relaxations compared to current requirements are needed for LP-WUR to provide power savings gain with this approach. For NR no serving cell measurement relaxations have been introduced, but for NB-IoT and LTE-M serving cell measurements of up to every 8th DRX cycle was introduced for more stationary UEs. However, as seen from [4] not even that is enough to achieve larger power saving gains for WUR.
[bookmark: _Toc134963558]RRM measurements by LP-WUR using existing OFDMA based signals (SSB) should be considered.
Reusing SSB for RRM measurement purposes would have zero additional overhead from broadcast, unlike the new LP-SS. To limit the negative impact on overhead, some companies have claimed that a ~1s periodicity would be sufficient for the LP-SS. However, 38.133 states that UEs should filter over at least 2 samples per serving cell measurement, and even with a 1.28s DRX cycle Ues would be distributed over several paging frames making the LP-SS reception very disjoint from the paging occasion for some UEs. Further, UEs must also be synchronized before the RRM measurements can start which may take a long time with a 1s LP-SS periodicity, and with such a long LP-SS periodicity as 1s the UEs may even drift in between. These aspects, and potentially more, should be considered for determining a feasible range of LP-SS periodicities which can be considered for evaluation.
[bookmark: _Toc131708141][bookmark: _Toc134963559]Feasibility for LP-SS periodicity should be determined from, at least, RRM measurement considerations, UE distribution over paging frames, and synchronization requirements.
In terms of metric for RRM measurement performed by LP-WUR, if SSB is used for the measurements (Solution A), the same metric based on SS-RSRP can be reused. On the other hand, if the new LP-SS is introduced for measurement purposes, then a new metric is needed. Depending on details of LP-WUR architecture, different metrics can also be considered, e.g., when SSS in existing SSB structure is used for RRM measurements by LP-WUR only capable of time-domain processing (without FFT).
In the following, we consider RRM measurement accuracy based on different options of reference signals, e.g., SSB and OOK-based sequence. For RRM measurements based on SSB, we consider both the case when the LP-WUR is capable and not capable of FFT operation. We consider RRM measurement accuracy based on the difference between a measured measurement metric and an ideal measurement metric, where the ideal metric is computed at the reference point, i.e., the antenna connector of the UE. The results are shown in terms of empirical CDF of such difference in dB at certain target SNR. Since the measurement accuracy depends on target SNR, it is important to take into account the noise figure values of corresponding LP-WUR architectures assumed in the evaluation. 
[bookmark: _Toc134963560]Evaluation of RRM measurement accuracy performed by WUR should consider different noise figure values assumed for different WUR architectures
Three examples based on different assumption of reference signals and corresponding WUR architecture are provided. 
1. SSS-based RSRP measurement in frequency domain
First, we consider the case when SSB is used for measurements by WUR. Here SS-based RSRP measurement is used as a metric which is a linear average of received power of the SSS on the SSS resources in frequency-domain. We use SNR = -3 dB as a reference SNR corresponding to a reference UE and assume that WUR capable of SS-based RSRP measurement has 3 dB worse noise figure than the reference UE. The results for SS-based RSRP measurement accuracy are shown in Figure 51 and Figure 52 for SNR = -3 dB (reference) and -6 dB (WUR), respectively.
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[bookmark: _Ref134804470]Figure 51 CDF of SS-based RSRP measurement accuracy at SNR = -3 dB.
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[bookmark: _Ref134804480]Figure 52 CDF of SS-based RSRP measurement accuracy based on OFDMA-based WUR at SNR = -6 dB.


[bookmark: _Toc134963537]For SSS-based RSRP measurement (SS-RSRP) in frequency domain 
aa. [bookmark: _Toc134963538]Measurement accuracy at SNR = -3 dB for a single shot measurement is within  dB with more than 95% probability. 
ab. [bookmark: _Toc134963539]To match the one-shot SS-based RSRP measurement accuracy based on reference UE (at SNR = -3 dB), SS-based RSRP measurement based on WUR with 3 dB worse noise figure (at SNR = -6 dB) needs to be averaged over at least 2 samples (i.e., shots). 

2. SSS-based measurement in time domain

In this part, we consider the case where SSS-based measurements are performed in time-domain, e.g., by LP-WUR capable of processing I/Q samples but not capable of FFT. We consider a measurement metric based on a correlation between received time domain samples and the known time domain samples of the SSS. Note that due to property of SSS in time domain, some degree of noise and interference rejection can be obtained from the cross-correlation operation.
We use SNR = -3 dB as a reference SNR corresponding to a reference UE and assume that WUR capable of SSS-based measurement in time domain has 3 dB worse noise figure than the reference UE. The results for SSS-based measurement accuracy in time domain are shown in Figure 53 and Figure 54 for SNR = -3 dB (reference) and -6 dB (WUR), respectively.
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[bookmark: _Ref134812893]Figure 53 CDF of SSS-based measurement accuracy in time domain at SNR = -3 dB.
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[bookmark: _Ref134812906]Figure 54 CDF of SSS-based measurement accuracy in time domain at SNR = -6 dB.

[bookmark: _Toc134963540]For SSS-based RSRP measurement in time domain 
ac. [bookmark: _Toc134963541]Measurement accuracy in time domain at SNR = -3 dB for a single shot measurement is within  dB with more than 95% probability. 
ad. [bookmark: _Toc134963542]To match the one-shot SSS-based measurement accuracy in time domain at SNR = -3 dB, SSS-based measurement in time domain based on WUR with 3 dB worse noise figure (at SNR = -6 dB) needs to be averaged over at least 2 samples (i.e., shots). 

3. OOK-based measurement 
In this part, we consider the case where OOK-based measurements are performed in time-domain, e.g., by LP- WUR with envelope detector. We consider a measurement metric based on correlation between received time domain samples and the known OOK time samples, considering also the noise and interference estimate obtained from the OFF symbols of the OOK sequence.
We use SNR = -3 dB as a reference SNR corresponding to a reference UE and assume that LP-WUR with envelope detector has 6 dB worse noise figure than the reference UE. The results for OOK-based measurement accuracy are shown in Figure 55 for SNR = -3 dB (reference) and Figure 56 and Figure 57 for SNR = -9 dB (LP-WUR). Finally, the impact of ADC resolution is shown in Figure 58.
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[bookmark: _Ref134820899]Figure 55 CDF of 4-sym OOK-based measurement accuracy at SNR = -3 dB.
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[bookmark: _Ref134820918]Figure 56 CDF of OOK-based measurement accuracy at SNR = -9 dB.
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[bookmark: _Ref134820923]Figure 57 CDF of OOK-based measurement accuracy at SNR = -9 dB.
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[bookmark: _Ref134822230]Figure 58 Impact of ADC resolution on the OOK-based measurement accuracy.

[bookmark: _Toc134963543]For RSRP measurement using OOK-based sync signal: 
ae. [bookmark: _Toc134963544]Measurement accuracy at SNR = -3 dB for a single shot measurement is within  dB with more than 95% probability assuming 4 symbol long OOK-based sync signal.  
af. [bookmark: _Toc134963545]To match the one-shot 4-sym OOK-based measurement accuracy at SNR = -3 dB, the OOK-based measurement based on LP-WUR with 6 dB worse noise figure (at SNR = -9 dB) needs to be averaged over at least 7 samples or alternatively the OOK-based reference signal needs to be longer, e.g., at least 42 symbol long. 
ag. [bookmark: _Toc134963546]OOK-based measurement requires some minimum resolution for ADC, e.g., at least 4 bits.
10	Conclusion
In the previous sections we made the following observations: 
Observation 1	If OOK-WUS SCS is different from SCS used for other NR transmissions, FDM multiplexing between other NR transmissions and OOK-WUS requires time-domain masking to generate OFF symbols of OOK-WUS. This operation is different from supporting FDM of OFDM-based NR transmissions with different SCS and results in significantly higher gNB complexity.
Observation 2	For OOK-based LP-WUS waveform generation
a.	OOK-1 (i.e., OOK WUS generation with single bit per OFDM symbol) is straightforward with minimum impact on the OFDM transmitter in gNB.
b.	OOK-4 (i.e., OOK WUS generation with single bit per OFDM symbol) using waveform fitting or DFT-based approach increases gNB complexity compared to OOK-1.
c.	Waveforms for OOK-4 could have different frequency domain characteristics/PAPR compared to existing NR transmissions and may negatively impact gNB emissions
i.	Mapping of frequency domain M-OOK symbols to existing NR sequences/QAM constellations should be considered as this can minimize potential PSD, PAPR, and implementation issues.
ii.	WUS-detection impact due to mapping of frequency domain M-OOK symbols to a 64 QAM constellation is negligible.
d.	OOK-4 increases gNB complexity even with pre-storing of the frequency domain WUS symbols since the frequency domain symbols depend on various parameters such as WUS bandwidth, payload/sequence, and number of OOK segments.
Observation 3	For FSK-based LP-WUS waveform generation
a.	Phase discontinuous FSK modulation caused by CP, causes power leakage and higher requirement of timing synchronization in receiver.
b.	For the case of each segment comprises multiple subcarriers, the sequence mapped on the subcarriers impacts the envelop of time domain WUS signal. For the energy detection method such as envelop detector in the receiver, flat envelop signal should be designed to improve the detection performance.
c.	For FSK-1, compensation of the phase shift caused by CP before OFDM modulation may be needed.
d.	For FSK-1, the complex sequence mapped on the subcarriers for WUS transmission should be studied further.
e.	FSK-2 needs more segments than FSK-1 when  to carry same information.
Observation 4	Following is observed from link performance evaluations on WUS BW
a.	The link performance improves by increasing the WUS bandwidth due to the increase of the frequency diversity and signal energy, at the cost of a higher network overhead.
b.	The link performance of a 1.4 MHz WUS is at least 6 dB worse than that of a 5 MHz WUS.
Observation 5	Following is observed from link performance evaluations on WUS guardband(GB)
a.	The amount of WUS GB needs to be selected considering the tradeoff between frequency diversity and adjacent channel interference.
b.	For 5 MHz WUS bandwidth, performance impact due to adjacent subcarrier interference is minimized if 2 RBs total GB is provided
c.	For 1.4 MHz WUS bandwidth, performance impact due to adjacent subcarrier interference is minimized if 0.5 RBs total GB is provided
Observation 6	For modulating ON symbols in OOK-1 based WUS, using SSS-based sequence vs. random QPSK results in similar BER performance for the same signal power.
Observation 7	FOR OOK1-based WUS, other cell interference results in performance degradation when the interference is stronger than the signal (e.g., ~4dB degradation for -3dB SIR compared to no interference case).
Observation 8	For OOK1-based WUS, UE speed up to 120kmph has a relatively minor impact on the link performance (<1dB difference between 3kmph and 120kmph)
Observation 9	For payload-based design of OOK-1 WUS, a relatively large number of WUS repetitions (tens or hundreds of slots) are needed to match PDCCH coverage.
a.	For non-coherent WUS detection of OOK1-based WUS, every repetition factor of 2 improves the link performance by around 2 dB.
Observation 10	For M-bit OOK generation, the DFT-based method and least square method (OOK-4) have a similar coverage performance and outperform parallel M-bit OOK method (OOK-2).
Observation 11	Multi-bit OOK WUS (e.g., OOK-2 or OOK4) does not reduce the overall time-frequency resources needed to reach the PDCCH coverage. This is because the link performance degrades by increasing the number of OOK bits per OFDM symbol.
Observation 12	For the OOK-based WUS, the impact of frequency error (up to 200 ppm) on the link performance is relatively small.
Observation 13	OOK-based WUS performance is sensitive to a timing error
a.	The allowable timing error should be an order of the magnitude smaller than each OOK segment duration.
b.	For OOK-4 based WUS is more sensitive compared to OOK-1 based WUS and following is observed from the evaluations (5MHz WUS BW)
i.	OOK-1 robust (<1dB degradation) up to 4us timing error
ii.	OOK-4 with 2-bits per OFDM symbol robust (<1dB degradation) up to 2us timing error
iii.	OOK-4 with 4-bits per OFDM symbol robust (<1dB degradation) up to 1us timing error
Observation 14	For OOK-based WUR
a.	Increasing ADC bit width is beneficial in terms of coverage, interference mitigation, and dynamic range of signal reception.
b.	The coverage performance of single-bit ADC is extremely poor.
Observation 15	For FSK-based LP-WUS
a.	4~6 RBs total guardband are needed for 5 MHz WUS bandwidth to avoid performance degradation due to adjacent subcarrier/segment interference
b.	The performance of 2-FSK is worse than OOK-1 about 3 dB when the data rate is same at the performance of 1% BLER, and the complexity of receiver is more than OOK-1.
c.	The performance decreases about 4 dB for the case of (Seg=4, FSK-2) compared with the case of Seg=2 at 1% BLER.
d.	With less complexity in the receiver, the performance of the case (Seg=4, FSK-1) is worse about 3 dB at 1% BLER compared with the case of (Seg=4, FSK-2).
Observation 16	The detection performance of existing SSS-based signal based WUS with WUR using freq. domain correlation is significantly better than that of OOK-based WUS with the same number of symbols used for the signal.
a.	The detection performance with frequency domain correlation is robust (<1dB degradation) for up to 10ppm frequency error.
Observation 17	The detection performance of existing SSS-based signal with WUR using time domain correlation is similar to that of WUR using frequency domain correlation and both provide significantly better performance than that of OOK-based WUS (with the same number of symbols used for the signal).
a.	The detection performance with time-domain correlation is robust (no degradation observed) for up to 50ppm frequency error.
b.	Other cell interference results in some performance degradation when the interference is stronger than the signal (e.g., ~2dB degradation for -3dB SIR compared to no interference case). The degradation is smaller compared to OOK-based WUS.
Observation 18	WUS duration required for matching PDCCH performance for different cases is shown in Table below
	WUS payload(modulation)
	Duration (slots) to match PDCCH 1Rx AL16 (for  Redcap) at 1% BLER
	Duration (slots) to match PDCCH 2Rx AL16 at 1% BLER
	Duration (slots) to match PDCCH 4Rx AL16 at 1% BLER

	1bit (OOK)
	10 slots
	 30 slots
	83 slots

	8bit (OOK)
	48 slots
	138 slots
	419 slots

	48bit (OOK)
	222 slots
	630 slots
	1900 slots

	1bit (OFDM)
	6 symbols 
	11 symbols
	23 symbols

	Note1: MDR = 1% and FAR = 0.1% assumed for above comparison. All 14 symbols assumed to be available for WUS in each slot.
Note2: For 1bit payload sequence-based detection is assumed. For 8bit and 48bit payload Manchester encoding is used (with 10bit CRC), and ideal timing is assumed (additional overhead for e.g., preamble to acquire timing not modeled). 10ppm freq. error for OFDM and 50ppm freq. error for OOK.
Note3: LP-WUR assumed to have 3dB worse NF than MR for OFDM-WUR and 6dB worse NF than MR for OOK-WUR.
Note4: Inter-cell interference impact not modeled.



Observation 19	WUS duration required for matching msg3-PUSCH performance for different cases is shown in Table below
	WUS payload(modulation)
	Duration (slots) to match Msg3 (PUSCH) without re-transmission
	Duration (slots) to match Msg3 (PUSCH) with two re-transmissions

	1bit (OOK)
	2 slots
	8 slots

	8bit (OOK)
	10 slots
	45 slots

	48bit (OOK)
	40 slots 
	180 slots 

	1bit (OFDM)
	4 symbols (no need for repetition)
	5 symbols

	Note1: MDR = 1% and FAR = 0.1% assumed for above comparison. All 14 symbols assumed to be available for WUS in each slot.
Note2: For 1bit payload sequence-based detection is assumed. For 8bit and 48bit payload Manchester encoding is used (with 10bit CRC), and ideal timing is assumed (additional overhead for e.g., preamble to acquire timing not modeled). 10ppm freq. error for OFDM and 50ppm freq. error for OOK.
Note3: LP-WUR assumed to have 3dB worse NF than MR for OFDM-WUR and 6dB worse NF than MR for OOK-WUR.
Note4: Inter-cell interference impact not modeled.
Note5: For msg-3 2 PRBs, 56 bits TBS, 14 OFDM symbols is assumed.



Observation 20	Compared to a payload-based structure, a sequence-based WUS structure has the benefits of lower overhead (considering also synchronization) and possibility of using existing signals.
Observation 21	The MR transition time, 400 ms in ultra-deep sleep and 20 ms in deep sleep, is a lower bound for the achievable DL latency. Much more frequent WUR monitoring than this is only expected to increase the UE energy consumption without any noticeable improvement for the DL latency.
Observation 22	False-alarms are problematic for Continuous-WUR and cause the energy consumption reduction to be smaller than for Duty-cycled WUR, and even smaller than the DRX baseline for longer DRX cycles.
Observation 23	For SSS-based RSRP measurement (SS-RSRP) in frequency domain
a.	Measurement accuracy at SNR = -3 dB for a single shot measurement is within  dB with more than 95% probability.
b.	To match the one-shot SS-based RSRP measurement accuracy based on reference UE (at SNR = -3 dB), SS-based RSRP measurement based on WUR with 3 dB worse noise figure (at SNR = -6 dB) needs to be averaged over at least 2 samples (i.e., shots).
Observation 24	For SSS-based RSRP measurement in time domain
a.	Measurement accuracy in time domain at SNR = -3 dB for a single shot measurement is within  dB with more than 95% probability.
b.	To match the one-shot SSS-based measurement accuracy in time domain at SNR = -3 dB, SSS-based measurement in time domain based on WUR with 3 dB worse noise figure (at SNR = -6 dB) needs to be averaged over at least 2 samples (i.e., shots).
Observation 25	For RSRP measurement using OOK-based sync signal:
a.	Measurement accuracy at SNR = -3 dB for a single shot measurement is within  dB with more than 95% probability assuming 4 symbol long OOK-based sync signal.
b.	To match the one-shot 4-sym OOK-based measurement accuracy at SNR = -3 dB, the OOK-based measurement based on LP-WUR with 6 dB worse noise figure (at SNR = -9 dB) needs to be averaged over at least 7 samples or alternatively the OOK-based reference signal needs to be longer, e.g., at least 42 symbol long.
c.	OOK-based measurement requires some minimum resolution for ADC, e.g., at least 4 bits.
Based on the discussion in the previous sections we propose the following:
Proposal 1	It should be possible to generate LP-WUS transmissions using existing gNB hardware and not trigger any new emissions or compliance requirements.
Proposal 2	It should be possible to multiplex the LP-WUS with other NR transmissions in time or frequency domain without causing interference.
Proposal 3	It should be possible to reuse any unused LP-WUS time and frequency resources for other transmissions.
Proposal 4	Target the same coverage for LP-WUS as for Paging PDCCH.
Proposal 5	Same SCS is assumed for OOK-WUS and other NR transmissions in a given carrier.
Proposal 6	OOK-1 is considered as the baseline scheme for OOK-based LP-WUS waveform generation.
Proposal 7	Reuse existing DL NR sequence generation approaches for OFDMA-based LP-WUS waveform generation.
Proposal 8	OOK-based WUR should support multi-bit ADC (e.g., bit width 4 or 8) to improve its sensitivity.
Proposal 9	Prioritize the sequence-based WUS structure design with small WUS payload.
Proposal 10	Consider WUS with small payload (e.g., one bit or few bits for indicating UE group ID or subgroup ID) triggering legacy paging procedure as baseline for the study.
Proposal 11	For evaluation of RRM measurement impact on UE energy consumption, serving cell measurements are considered.
Proposal 12	RRM measurements by LP-WUR using existing OFDMA based signals (SSB) should be considered.
Proposal 13	Feasibility for LP-SS periodicity should be determined from, at least, RRM measurement considerations, UE distribution over paging frames, and synchronization requirements.
Proposal 14	Evaluation of RRM measurement accuracy performed by WUR should consider different noise figure values assumed for different WUR architectures
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Annex
PDCCH performance
Here, we show the PDCCH BLER performance for the baseline scenario in which the main receiver decodes the PDCCH. We consider PDCCH aggregation levels (ALs) {8, 16} and {1Rx, 2Rx, 4Rx} UEs. 
[image: ]
Figure 59: PDCCH BLER performance.
Table 4: PDCCH BLER performance for difference cases (baseline).
	Case
	SNR at 1% BLER for PDCCH

	AL8, 1Rx device
	-0.3 dB

	AL16, 1Rx device
	-3 dB

	AL8, 2Rx device
	-3.5 dB

	AL16, 2Rx device
	-6 dB

	AL8, 4Rx device
	-6.5 dB

	AL16, 4Rx device
	-9.2 dB
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