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1	Introduction
In RAN plenary #97, the study item description (SID) on low-power wake-up signal (WUS)/wake-up receiver (WUR) was revised [1]. This study will not require existing signals to be used as WUS. All WUS solutions identified shall be able to operate in a cell supporting legacy UEs. Solutions should target substantial gains compared to the existing Rel-15/16/17 UE power saving mechanisms. Other aspects such as detection performance, coverage, UE complexity, should be covered by the evaluation. 
Detailed objectives of the SI are listed below:
	· Identify evaluation methodology (including the use cases) & KPIs [RAN1]
· Primarily target low-power WUS/WUR for power-sensitive, small form-factor devices including IoT use cases (such as industrial sensors, controllers) and wearables
· Other use cases are not precluded
· Study and evaluate low-power wake-up receiver architectures [RAN1, RAN4] 
· Study and evaluate wake-up signal designs to support wake-up receivers [RAN1, RAN4] 
· Study and evaluate L1 procedures and higher layer protocol changes needed to support the wake-up signals [RAN2, RAN1] 
· Study potential UE power saving gains compared to the existing Rel-15/16/17 UE power saving mechanisms, the coverage availability, as well as latency impact of low-power WUR/WUS. System impact, such as network power consumption, coexistence with non-low-power-WUR UEs, network coverage/capacity/resource overhead should be included in the study [RAN1]
Note: The need for RAN2 evaluation will be triggered by RAN1 when necessary.



In this contribution, we discuss the signal design and procedures of WUS/WUR according to the SID and previous agreements.   
[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: _Toc127526275]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: _Toc127526276]It should be possible to multiplex the LP-WUS with other NR transmissions.
[bookmark: _Toc118667256][bookmark: _Toc127356107][bookmark: _Toc127526277]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: _Toc127526278]Target the same coverage for LP-WUS as for Paging PDCCH.
3	WUS generation with OFDM
In RAN1#111, following was agreed:
	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 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




Below we discuss generation of OOK waveform by modulating sub-carriers of CP-OFDM symbol.
3.1	Single-bit OOK generation with OFDM

[image: ]
[bookmark: _Ref127180680]Figure 1: Single-bit OOK generation using OFDM with random QPSK subcarriers.
[image: ][image: ]
[bookmark: _Ref127514289]Figure 2: Time domain representation and PSD of single-bit OOK generated with OFDM (WUS subcarriers populated with random QPSK).

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 1.  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 2 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.

[bookmark: _Toc127513839][bookmark: _Toc127526270]OOK WUS generation with single bit per OFDM symbol is straightforward with minimum impact on the OFDM transmitter.  
[bookmark: _Toc118667392][bookmark: _Toc118693249][bookmark: _Toc127356109][bookmark: _Toc127526279]Consider the case of one (coded) bit per OFDM symbol as baseline for evaluation of OFDM based OOK waveforms.

3.2	Multi-bit OOK generation
In RAN1#111, the option 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. 
[bookmark: _Toc115449110][bookmark: _Toc115449112]
Approach 1: Waveform fitting approach 

[image: ]
[bookmark: _Ref127514640]Figure 3: Multi-bit OOK generation with least square waveform approximation approach.

[image: ][image: ]
[bookmark: _Ref127514720]Figure 4: Time domain representation (one OFDM symbol) and PSD of multi-bit OFDM-based OOK generation with waveform fitting.

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 3Figure 3. Figure 4 shows the time domain OOK symbols representing WUS waveform [0,1,0,1] within one OFDM symbol (including cyclic prefix) generated using this approach. 11 PRBs for WUS, 2048 IFFT size are assumed for this case.
In addition, Figure 4 shows PSD of WUS signal and other non-WUS transmissions for the waveform fitting approach. As shown in the figure, this approach leads to large dynamic range for the power of WUS subcarriers. The variation in power could be dependent on input sequence and other parameters and not easily tractable. For the example shown in the figure, the WUS PSD has a peak around 14 dB higher than non-WUS subcarriers. Impact of this on gNB transmitter requirements (e.g., output power dynamics) should be studied further. Overall, this approach can result in more complex gNB implementation with potential hardware impact. 

Approach 2: DFT based approach 
[image: ]
[bookmark: _Ref127278707]Figure 5-1: Multi-bit OOK generation with DFT based approach.
 [image: ] [image: ]
[bookmark: _Ref127514876]Figure 5-2: Time domain representation (one OFDM symbol) and PSD of multi-bit OFDM-based OOK generation with DFT based approach.

Another possible approach for generating a multi-bit OOK waveform is based on DFT, summarized in Figure 5-1. 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.
Figure 5-2 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. 
Figure 5-2 also shows PSD of WUS signal and other non-WUS transmissions. Similar to the LS approach, there are PSD peaks significantly larger than non-WUS PSD for this approach as well and impact of this on gNB transmitter requirements (e.g., output power dynamics) should be studied further. This approach also can also result in more complex gNB implementation with potential hardware impact.

Observation 1 [bookmark: _Toc127513840][bookmark: _Toc127526271]Generation of OOK WUS with multiple bits per OFDM symbol using waveform fitting approach or DFT-based approach causes large fluctuation of power level of WUS subcarriers. These approaches result in more complex gNB implementation.
[bookmark: _Toc127526280]For OOK WUS generation with multiple bits per OFDM symbol using waveform fitting or DFT-based approach, study further the impact on gNB transmitter requirements and implementation complexity.
4	Initial Link-level evaluations
4.1	Performance of OOK based WUS
Figure 6 shows initial link performance evaluation results of OOK based WUS. Evaluation assumptions are given in Table 1. Evaluations show missed detection rate (MDR) for a correlation-based detector with FAR target of 0.1%. Additional initial evaluations are included in Annex A.

[image: ]
[bookmark: _Ref127514949]Figure 6: Link performance of OOK based WUS.

[bookmark: _Ref127515030]Table 1: Simulation parameters for OOK WUS evaluation.
	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

	WUR sampling rate 
	8 Mbps

	WUS bandwidth
	11 PRBs (3.96 MHz)

	Number of ADC bits
	6

	Receiver filter
	3rd order Butterworth LPF

	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)
	Not modeled 

	WUS sequence
	14 OFDM symbols: 01010101010101
6 OFDM symbols: 010101
4 OFDM symbols: 0101

	Rx approach
	Correlation based detector with desired WUS sequence known a priori to UE and detection of known sequence indicates wake-up


  
4.2	Performance of WUS based on existing signal (SSS) structure
Figure 7 shows initial link performance evaluation results for WUS based on existing signal (SSS) structure. Evaluation assumptions are given in Table 2. Evaluations show missed detection rate (MDR) for a correlation-based detector with FAR target of 0.1%.
[image: ]
[bookmark: _Ref127515151]Figure 7: Link performance of WUS based on existing signal (SSS) structure.
[bookmark: _Ref127515188]Table 2: Simulation parameters for evaluation of WUS based on existing signal (SSS) structure.
	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

	Residual frequency offset (ppm)
	0.1ppm

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

	Bandwidth
	3.81 MHz (127 subcarriers)

	#OFDM symbols with SSS-based sequence 
	1, 2, 4

	Rx approach
	Correlation based detector with desired WUS sequence known a priori to UE and detection of known sequence indicates wake-up. 
Missed detection for 2 and 4 OFDM symbol case are computed as probability of missed detection in any of 2 and 4 OFDM symbol transmissions of repeated sequence



5	LP-WUS-related procedures
In this section, we discuss L1 procedures related to operation of LP-WUS/WUR.
5.1	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 Figure 8).
[image: ]
Figure 8: 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 Figure 9). WUS with larger payload would negatively impact coverage. Also, additional specification efforts are required as this approach does not use legacy paging procedure.
[image: ]
Figure 9: Triggered UE behaviour for WUS with UE identifier.

[bookmark: _Toc127526281]Consider WUS with small payload (e.g., one bit or few bits) triggering legacy paging procedure as baseline for the study.

5.1 	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:
	
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 general, there are three alternative solutions for RRM measurements with LP-WUR operation:
A. [bookmark: _Hlk127482759]WUR measurement on legacy SSB
B. WUR measurement on a new WUR-specific reference signal (LP-SS)
C. MR measurement on legacy SSB and no measurement by WUR
Solution A is applicable for WUR capable of receiving legacy SSS (which is used for deriving SS-RSRP and SS-RSRQ). 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 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 [4] measurement relaxations compared to current requirements are needed for LP-WUR to provide power savings gain with this approach. 
[bookmark: _Toc127526282]Study RRM measurements by LP-WUR using existing OFDMA based signals (SSB).
7	Conclusion
In the previous sections we made the following observations: 
Observation 1	OOK WUS generation with single bit per OFDM symbol is straightforward with minimum impact on the OFDM transmitter.
Observation 2	Generation of OOK WUS with multiple bits per OFDM symbol using waveform fitting approach or DFT-based approach causes large fluctuation of power level of WUS subcarriers. These approaches result in more complex gNB implementation.
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.
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	Consider the case of one (coded) bit per OFDM symbol as baseline for evaluation of OFDM based OOK waveforms.
Proposal 6	For OOK WUS generation with multiple bits per OFDM symbol using waveform fitting or DFT-based approach, study further the impact on gNB transmitter requirements and implementation complexity.
Proposal 7	Consider WUS with small payload (e.g., one bit or few bits) triggering legacy paging procedure as baseline for the study.
Proposal 8	Study RRM measurements by LP-WUR using existing OFDMA based signals (SSB).
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Annex – A Additional Evaluations for OOK based WUS

[bookmark: _Ref127280451]Table A-1: Simulation parameters for link-level evaluations.
	Parameters 
	Value

	Carrier frequency 
	2.6 GHz

	Channel 
	AWGN or TDL-C

	SCS
	30 kHz

	Delay spread 
	300 ns

	UE speed
	3 km/h

	UE Rx antennas 
	1

	WUR sampling rate 
	8 Mbps

	WUS bandwidth
	11 PRBs (3.96 MHz)

	Number of ADC bits
	6

	Receiver filter
	3rd order Butterworth LPF, filter BW= WUS BW

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



[image: ]
Figure A-1: WUS bit error rate (BER) for AWGN channel (1 coded bit per OFDM symbol).

[image: ]
Figure A-2: WUS BER for TDL-C  channel (1 coded bit per OFDM symbol).

Impact of receiver filter:
[image: ]
Figure A-3: WUR filter frequency response for different filter orders (Butterworth filter).

[image: ]
Figure A-4: Impact of WUR filter order on BER.

[image: ]
Figure A-5: Impact of WUR filter bandwidth on BER.

ADC bits:
[image: ]
Figure A-6: Impact of WUR ADC bit width on BER.

Guardband:
[image: ]
Figure A-7: Impact of WUS guardband on BER.
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Least square approach
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