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1	Introduction
In this contribution, we present our view on the design of LP-WUS and LP-SS. In RAN1-116, the following agreements were reached:
	Agreement
Support both OOK-1 and OOK-4 for LP-WUS. 
· FFS how OOK-1 and OOK-4 are specified 
· For OOK-4, M<=4, FFS supported values
· The SCS of a CP-OFDM symbol used for LP-WUS generation can be the same as one of the SCS(s) used for other NR transmissions in the same CP-OFDM symbol
· FFS different SCS.
Agreement
Further study the following options for LP-SS:
· Option 1: OOK-1 
· Option 2: OOK-4 with M=1,2,4,[8]
· The SCS of a CP-OFDM symbol used for LP-SS generation is the same as that used for LP-WUS generation
· FFS: different SCS
Agreement
For LP-SS design from RAN1 perspective, consider at least the following as the design target:
· For RRM measurement performed by LP-WUR based on LP-SS, UE can satisfy measurement accuracy based on X LP-SS samples within a period which is comparable to Y=the length of I-DRX cycle that is larger or equal to 1.28s.
· FFS: X  
· Note: Y is chosen for evaluating LP-SS design. 
· Network overhead and network power consumption are to be considered
Agreement
The ‘ON-OFF’ pattern for OOK symbols of LP-SS is based on binary sequence(s)
· FFS binary sequence(s) details, including the sequence type, the number of sequences, and the sequence length
· FFS overlaid OFDM sequences, if supported
Agreement
For the overlaid OFDM sequence(s) for LP-SS, consider the following options for further down-selection:
· Option 1: Do not specify the overlaid OFDM sequences(s) 
· Option 2: Specify the overlaid OFDM sequence(s) targeting for OOK waveform generation without targeting for sync and RRM measurement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.
· Option 3: Specify the overlaid OFDM sequence(s) targeting for OOK waveform generation and also targeting for sync and RRM measurement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.
· For Option 3, it is up to RAN4 to make decision on whether/how to define the RRM measurement requirement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.

For RAN1 evaluation purpose, the SNR to achieve the coverage of PUSCH for message3 is determined for OOK-based LP-WUR and OFDM-based LP-WUR, respectively. 



[bookmark: _Ref178064866][bookmark: _Hlk142644764]2	General Design principles 
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. 
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. Also, to avoid impacts on the gNB complexity and other NR transmissions, same SCS should be considered for WUS and other NR transmissions in a given carrier.
[bookmark: _Toc163208913]Following principles should be considered for LP-WUS and LP-SS design
a. [bookmark: _Toc163208914]It should be possible to generate LP-WUS/LP-SS transmissions using existing gNB hardware and not trigger any new emissions or compliance requirements.
b. [bookmark: _Toc163208915]It should be possible to multiplex the LP-WUS/LP-SS with other NR transmissions in time or frequency domain without causing interference.
c. [bookmark: _Toc163208916]It should be possible to reuse any unused LP-WUS time and frequency resources for other transmissions.
Also, as agreed during the SI, in the design and monitoring of LP-WUS, it needs to be ensured that the paging missed detection is not impacted and the targets for missed detection probability and false alarm probability are satisfied. Specifically, to ensure UE reachability, the missed detection target of 10-2 similar to the paging PDCCH requirement should be met.
[bookmark: _Toc163208917]Paging misdetection performance of the UE should not be impacted when LP-WUS is used by the UE for power savings.
3	LP-WUS design
3.1	LP-WUS subcarrier spacing

In RAN1#116 following was agreed 
Agreement
Support both OOK-1 and OOK-4 for LP-WUS. 
· FFS how OOK-1 and OOK-4 are specified 
· For OOK-4, M<=4, FFS supported values
· The SCS of a CP-OFDM symbol used for LP-WUS generation can be the same as one of the SCS(s) used for other NR transmissions in the same CP-OFDM symbol
· FFS different SCS.


As discussed in our previous contribution [4[, to transmit two OOK bits in one OFDM symbol, time-domain masking (setting samples to zero) has to be applied to the first/second half of the generated samples at the output of IFFT. This approach, due to the time-domain operation, results in the coexistence issue and impact on other NR transmissions at the gNB. It should be notes that this operation is different from supporting FDM of OFDM-based NR transmissions with different SCS where the time-domain masking is not needed.
Another approach to multiplex multi-bit OOK WUS with other NR transmissions would 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 due to multiple IFFTs.
In summary, considering gNB complexity LP-SS and LP-WUS with different SCS than other NR transmissions in same CP-OFDMA symbol should not be supported. 
[bookmark: _Toc163208918]Different SCS case for LP-WUS and other NR transmissions in the same CP-OFDMA symbol is not considered further.

3.2	LP-WUS structure

Preamble
In the SI, using a preamble for LP-WUS was discussed. In general, the use of preamble in the WUS structure is beneficial for fine time and frequency synchronization and improves LP-WUS detection performance. Having a preamble before data part of LP-WUS transmission also reduces the need for frequent LP-SS transmissions. 
While for OOK WUR the transmission of LP-SS provides a coarse synchronization, fine synchronization can be achieved with the preamble. The timing error depends on the LP-SS periodicity and WUR clock accuracy. We use the following clock model presented in the TR:
· ΔT = Fr*T ±0.5 * F’ *T2 (transient region)
· ΔT = ±Fe * T (linear region)
· The transition between transient and linear region (from synchronization or calibration point/time) occurs at time [Ts= (Fe-Fr)/(F’)], where Fr is residual frequency error from previous synchronization/calibration, F’ is the frequency drift, and Fe is the maximum frequency error.
Table 1 presents timing error for different LP-SS periodicities and assuming Fe= 50 ppm, and F’=0.1 ppm/s. As we can see, several us timing error can be expected depending on the scenario.
[bookmark: _Ref158893380]Table 1: Timing error (ΔT) for different cases.
	LP-SS periodicity
	Fr=0 ppm (residual frequency error)
	Fr=2.5 ppm (residual frequency error)

	320 ms 
	0.005 us
	0.8 us

	1 s 
	0.05 us
	2.5 us

	10 s 
	5 us
	30 us




 [image: ]
Figure 1: Timing error correction with preamble (OOK1, at 0 dB SNR).

Figure 2 shows the impact of preamble on BLER in presence of timing error. Here, the WUS duration excluding the preamble part is 1 slot (with OOK-1, Manchester encoding) and different preamble lengths are considered. As we can see from this figure, using few symbols of preamble can compensate the timing error and the detection performance becomes close to the ideal case (without timing error). The use of preamble is more important for larger timing errors and in case of OOK-4 which is relatively more susceptible to the timing error. Another benefit of the preamble is that the requirements on the transmission of the LP-SS can be potentially relaxed as it assists LP-SS by providing fine synchronization. Therefore, preamble should be included in the WUS structure.
[image: ]
[bookmark: _Ref163126113]Figure 2: Impact of preamble on BLER performance (OOK1, 1 slot).

[bookmark: _Toc163208919]Including a preamble part before the data part of LP-WUS transmissions should be considered.


Sequence vs. payload

In the SI, sequence and payload-based structures for LP-WUS were considered. Sequence-based 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 (potentially with Manchester encoding and other channel coding), however, are suitable for large payloads yet they can suffer from a limited coverage performance. For a small payload size (few bits), compared to a payload-based structure, a sequence-based structure has the benefits of lower overhead, synchronization, and potentially lower WUR energy consumption due to shorter WUS duration. Nevertheless, the performance of sequence-based and payload-based structures need to be further evaluated based on the required payload size.
[bookmark: _Toc159213616][bookmark: _Toc163208920]Performance of sequence-based and payload-based LP-WUS structures should be studied further.

3.3	OOK-1 and OOK-4 performance
Figure 4 below shows comparison of detection performance of OOK-1 and OOK-4 for the same payload, overhead and total transmit power (timing error is assumed to be zero in this comparison). Figure 4 shows that OOK-1 slightly outperforms OOK-4 in terms of detection. This is due to OOK-4 waveform generation which results in small power leakage in the OFF segments of OOK-4 which can be avoided for OOK-1, as illustrated in Figure 3.

[image: ][image: ]
[bookmark: _Ref162862220]Figure 3: Time samples of OOK1 and OOK4 (M=2) over two OFDM symbols.

[image: ]
[bookmark: _Ref158729902]Figure 4: Detection performance of OOK-1 and OOK-4 for the same overhead.


[bookmark: _Toc163208903]In terms of coverage, OOK-1 slightly outperforms OOK-4 for the same payload and same resource overhead.

In addition, Figure 5 and Figure 6 compare the detection performance of OOK-1 and OOK-4 (M=2, 4) for the same payload size and different overhead. Here, targeting the Idle/Inactive mode operation, we consider payload sizes 4 bits and 8 bits for indicating UE subgrouping. Moreover, Table 2 summarizes the MIL results for different cases. As we can see, OOK-4 does not reach the MIL target of Msg3 in Idle/Inactive mode if time repetition is not considered. Therefore, OOK-4 does not provide any spectral efficiency benefit over OOK1 in Idle/Inactive mode given the Msg3 coverage target for cell edge UEs. 
[image: ]
[bookmark: _Ref163028547]Figure 5: Detection performance of OOK-1 and OOK-4 for the same payload 8 bits and different overhead (payload-based structure).

[image: ]
[bookmark: _Ref163028556]Figure 6: Detection performance of OOK-1 and OOK-4 for the same payload 4 bits and different overhead (sequence-based structure).


[bookmark: _Ref163028779]Table 2: MIL comparison of OOK1 and OOK4 for the same payload.
	WUS payload (modulation)
	WUS MIL (dB)
	Msg3 (no rtx) MIL (dB)

	8bit (OOK1, payload-based, +10 bits CRC), 36 symbols
	147
	149.2

	8bit (OOK4 [M=2], payload-based, +10 bits CRC), 18 symbols
	145
	149.2

	8bit (OOK4 [M=4], payload-based, +10 bits CRC), 9 symbols
	143
	149.2

	4bit (OOK1, sequence-based), 24 symbols
	149.2
	149.2

	4bit (OOK4 [M=2], sequence-based), 12 symbols
	146.2
	149.2

	4bit (OOK1 [M=4], sequence-based), 6 symbols
	144.2
	149.2

	Note1: MDR = 1% and FAR = 0.1% assumed for above comparison. 
Note 2: For Msg-3 PUSCH, 2 PRBs, 56 bits TBS, 14 OFDM symbols are assumed per slot.




[bookmark: _Toc163208904]In the Idle/Inactive mode with Msg3 coverage target, OOK4 does not provide any benefit over OOK1 while increasing both gNB and UE complexity.

3.4 	Specifying OOK-1 and OOK-4
In RAN1#116, the following was agreed:
	Agreement
Support both OOK-1 and OOK-4 for LP-WUS. 
· FFS how OOK-1 and OOK-4 are specified 
· For OOK-4, M<=4, FFS supported values



For OOK-1, specific OFDM-based sequences which carry information are transmitted during the ON duration of the OOK pattern. The OFDM-based sequences can be similar to one of the existing NR synchronization signal sequences such as PSS or SSS or reference sequences such as those used for DMRS, TRS, m-sequence, gold sequence, based on QAM constellations, or any low PAPR sequences. To carry information via OFDM signals, different sequences can be sent and an OFDM receiver extracts the information based on its detected sequence. Considering that such existing NR sequences are generated in the frequency domain, OOK-1 should be specified in the frequency domain. That is, for ON symbols of OOK-1,  sequences used as input of IFFT of the gNB transmitter are specified (as illustrated in Figure 7). 
To minimize impacts on the gNB transmitter and specifications, existing NR sequences in downlink should be reused.  

[image: ]
[bookmark: _Ref163207187]Figure 7: Specifying OOK-1 waveform generation.

[bookmark: _Toc163208921]OOK-1 generation should be specified in the frequency domain. That is, for ON symbols of OOK-1, sequences used as input of IFFT of the gNB transmitter are specified. 
[bookmark: _Toc163208922]To generate OOK-1, existing NR sequences should be reused to minimize impacts on the gNB transmitter and specifications.

For OOK-4, there are two options:
· Option 1: specifying frequency domain symbols of OOK-4 (input of IFFT) similar to OOK-1 discussed above. For example, in Figure 8, block 3 is specified. This option requires specifying several tables for frequency domain symbols corresponding to different possible OOK-4 patterns within one OFDM symbol and multiple OFDM sequences. The benefit of this option is that gNB can store the frequency domain symbols without any need for additional on-the-fly computations.
· Option 2: specifying time samples of OOK-4 where the phases of samples can be random or determined based on sequences (e.g., ZC, m-sequence). For example, in Figure 8, block 1 and block 2 are specified. Compared to Option 1, specification effort can be less for Option 2 while the gNB complexity can be higher. 

In our view, both options can be considered for OOK-4 waveform generation.

[bookmark: _Toc163173043][image: ]
[bookmark: _Ref163207222]Figure 8: Specifying OOK-4 waveform generation.

[bookmark: _Toc163208905]OOK-4 generation can be specified in either frequency domain or time domain. For the time domain option, specification effort can be less while the gNB complexity can be higher. 

In terms of supported values of M for OOK-4, M=2 and M=4 should be considered. During SI, OOK-4 was introduced to support multiple OOK segments (M>1) per OFDM symbol while OOK-1 was considered for case of single OOK segment per OFDM symbol. Considering that generating OOK-1 is straightforward without any additional gNB complexity or specification impacts, OOK-1 should be separated from OOK-4. In fact, OOK-4 with M=1 may not be equivalent to OOK-1 depending on the waveform generation approach. For example, for SSS (m-sequence), the constellation points for OOK-1 with SSS used for frequency domain symbols and OOK-4 (M=1) with SSS used for time samples (Option 2 above for OOK-4 generation) are different as shown in Figure 9. Consequently, these two cases are different in terms of gNB implementation complexity, and their performances are not identical.  

[image: ] [image: ]
[bookmark: _Ref163207282]Figure 9: OOK-1 and OOK-4 (M=1) constellations generated based on SSS in frequency domain and time domain.

[bookmark: _Toc163208906]It is more complex to generate and receive OOK4, M=1 with time domain sequences compared to OOK-1 with frequency domain sequences without any performance advantage for the additional complexity.
[bookmark: _Toc163208923]For OOK-4, the supported values of M should be 2 and 4. 

3.5	LP-WUS payload size
The required payload of WUS depends on its functionality. In Idle/Inactive mode, WUS can be primarily used for sub-grouping indication. Considering that Rel-17 PEI can indicate up to 8 subgroups simultaneously with a bitmap, a payload size of at most 8 bits is sufficient for WUS to achieve similar subgrouping functionality as PEI. Meanwhile, the WUS payload can be reduced by targeting fewer number of subgroups (e.g., 4). 
From coverage perspective, it is not feasible to have large payload size for WUS as it requires significant overhead. For example, based on our evaluations ‎[3], in Table 3, we provide an approximate WUS time span required to match msg3-PUSCH for OOK-based detection and OFDM-based detection. 
[bookmark: _Ref159175516]Table 3: WUS resources required to match msg3-PUSCH coverage (4.32 MHz WUS bandwidth).
	WUS payload (modulation)
	Msg3, no rtx 
	Msg3, two rtx 

	1bit (OOK, sequence-based)
	18 symbols
	5 slots

	8bit (OOK1, payload-based, +10 bits CRC)
	6 slots
	25 slots

	16bit (OOK1, payload-based, +10 bits CRC)
	9 slots 
	36 slots 

	48bit (OOK, payload-based)
	40 slots 
	180 slots 

	1bit (OFDM, SSS-based time-correlation)
	2 symbols 
	5 symbols

	8bit (OFDM, SSS-based time-correlation)
	3 symbols
	7 symbols

	Note1: MDR = 1% and FAR = 0.1% assumed for above comparison. 
Note 2: When duration is given in slots, all the symbols in a slot are assumed to be available for WUS.
Note 3: For Msg-3 PUSCH, 2 PRBs, 56 bits TBS, 14 OFDM symbols are assumed per slot.



In Connected mode, it can be beneficial to have a similar WUS design as in Idle/Inactive. Therefore, the WUS payload size of up to 8 bits can be considered. 

[bookmark: _Toc163208907]For OOK-based detection, WUS duration of nearly tens of slots is required for payloads larger than 8 bits to cover cell edge UEs.

[bookmark: _Toc163208924]WUS payload size should be at most 8 bits in Idle/Inactive. Similar payload size should be considered for Connected mode.

3.6	LP-WUS bandwidth
In general, by increasing the WUS bandwidth the frequency diversity and the total WUS energy increases (for a fixed PSD at the transmitter) increases which enhances the detection performance. However, due to a limited system bandwidth, the frequency-division multiplexing (FDM) of WUS with other signals/channels becomes challenging with a larger WUS bandwidth. In our view, the maximum WUS bandwidth (including any guardband) around 5 MHz is reasonable considering the tradeoff between frequency diversity and multiplexing capability. In addition, to allow the possibility of using the existing PSS/SSS for WUS transmissions, having the WUS bandwidth close to the bandwidth of PSS/SSS will be beneficial. The PSS/SSS occupies 127 subcarriers (~11 RBs). Therefore, to have integer number of RBs, one option is to support 11 RBs which corresponds to ~2 MHz and ~4 MHz bandwidths for 15 kHz SCS and 30 kHz SCS, respectively. Another option is to support 12 RBs which corresponds to 2.16 MHz and 4.32 MHz bandwidths for 15 kHz SCS and 30 kHz SCS, respectively. The following options can be considered for WUS bandwidth.
· 11 or 12 RBs for 15 kHz SCS and 30 kHz SCS
· 24 RBs for 15 kHz SCS
· Amount of guardband is left to RAN4. 

[bookmark: _Toc163208925]WUS bandwidth close to bandwidth of PSS/SSS (~11 RBs) should be supported. This corresponds to ~2 MHz and ~4 MHz bandwidths for 15 kHz SCS and 30 kHz SCS. 

3.7	LP-WUS with OOK and overlaid OFDM sequences 

[image: ]
Figure 10: Illustration of OOK-1 or OOK-4 generation with OFDM transmitter.

For OOK based LP-WUS with overlaid OFDM sequence(s), following cases should be considered:
· OOK-1 (single-bit OOK): one OOK segment (ON or OFF) in each OFDM symbol.
· OOK-4 (multi-bit OOK): multiple (M) OOK segments (ON or OFF) in each OFDM symbol.
3.7.1	OOK-1 generation with overlaid OFDM sequence
For generating OOK-1 with an OFDM transmitter, the specific OFDM sequences which carry information are transmitted during the ON duration of the OOK pattern. OFDM sequences for OOK-1 can be similar to existing NR signal sequences such as sequences used for SSS. OFDM receiver extracts information from the ON symbols of OOK-1 waveform based on the detected OFDM sequence.


[image: ]
Figure 11: OFDM sequence detection overlaid on OOK1.


3.7.2	OOK-4 generation with overlaid OFDM sequence
For generating OOK-4 with an OFDM transmitter, the frequency domain symbols (i.e., input of IFFT) are determined based on the desired pattern of OOK waveform within each CP-ODFMA symbol which limits the flexibility of choosing the OFDM sequences. 

Approach 1: mapping to ZC constellations in frequency domain:
One approach for generating OOK-4 is to map (or quantize) the frequency domain symbols of OOK-4 to frequency domain symbols corresponding to OFDM sequences. To create multiple OFDM sequences needed to carry information, OOK-4 frequency domain symbols should be mapped to multiple OFDM sequences in frequency domain. For example, one frequency domain OOK-4 pattern can be mapped to multiple ZC sequences to allow sending information to OFDM-based WUR. Note that in this case, the mapping pattern should be known to the receiver. Figure 12 shows example approach for generating OOK-4 overlaid with OFDM sequences and Figure 13 shows an example of mapping OOK-4 constellation to ZC sequence and the generated time-domain waveform.

 [image: ]
[bookmark: _Ref159160098]Figure 12: Approach1 for generating OFDM sequences used for OOK-4.

[image: ]
[bookmark: _Ref163207464]Figure 13: Example of mapping OOK-4 constellation to ZC sequence.


Approach 2: Using ZC sequences for OOK time samples:
In another approach, ZC sequences are used in each ON segment of OOK-4 (as shown in Figure 14). Note that in this case, due to the OFF segments the final generated waveform is not a ZC sequence.

[image: ]
[bookmark: _Ref162457168]Figure 14: Approach 2- using ZC sequences for OOK time samples.

Figure 15 illustrates the WUS constellation points based on Approach 1 and Approach 2. Also, Figure 16 compares the OFDM sequence detection performance of these two approaches. As we can see, Approach 1 outperforms Approach 2 especially in presence of frequency error.
[image: ][image: ]
[bookmark: _Ref162457492]Figure 15: Constellation points for Approach 1 and Approach 2.
 
[image: ]
[bookmark: _Ref162457565]Figure 16: OFDM sequence detection performance overlaid on OOK4 (M=4).
	
[bookmark: _Toc163208908]For OOK-1, the OFDM sequences can be similar to one of the existing NR sequences and are transmitted during the ON duration of the OOK signal. 
[bookmark: _Toc163208909]Compared to OOK-1, it is more complex to generate OOK-4 with overlaid OFDM sequences that carry information.


3.8	Additional link performance results 

Different sequences for OOK4 time samples:
Figure 17 shows OOK4 BLER performance when different phases are applied to time samples (i.e., before DFT block). Specifically, the considered OOK4 time samples in ON segments are determined based on SSS sequence, ZC sequence, and random-phased samples. This result shows a similar performance for difference sequences used on OOK4 time samples of ON segments.
[image: ]
[bookmark: _Ref162952168]Figure 17: OOK4 BLER performance for different phases for time samples (M=4, 36 sym, 8 bits).

OFDM performance overlaid on OOK1 and OOK4:
Figure 18 shows the OFDM sequence detection performance ovelaid on OOK1 and OOK4 for ZC sequence. As we can see, OFDM sequence overlaid on OOK1 has slightly better performance comapred to that of OOK4. 
[image: ]
[bookmark: _Ref162952764]Figure 18: OFDM sequence detection performance overlaid on OOK1 and OOK4 (M=4, Approach 2).

Transmit diversity: cyclic delay diversity (CDD):
Figure 19 and Figure 20 show the impact of transmit diversity by employing cyclic delay diversity (CDD) on the BLER performance of OOK and OFDM WUS. As we can see, CDD can provide 1-2 dB performance gain. 
[image: ]
[bookmark: _Ref162950574]Figure 19: Impact of cyclic delay transmit diversity (CDD) on OOK BLER performance.

[image: ]
[bookmark: _Ref162950575]Figure 20: Impact of cyclic delay transmit diversity (CDD) on OFDM detection performance.

[bookmark: _Toc163208910]Transmit cyclic delay diversity (CDD) can provide 1-2 dB coverage gain. 

3.9	Early termination for OFDM-based WUR
Evaluations in the SI have shown that detecting information sent using OFDM sequences using an OFDM-based LP-WUR requires much smaller duration (in the order of few symbols) compared to overhead of sending information via OOK and detecting it using an OOK-based LP-WUR (in the order of slots). 
As shown in Figure 21, LP-WUS design should allow OFDM-based LP-WUR to detect the information payload with smaller monitoring duration compared to that of OOK-based LP-WUR. The per slot power consumption of OFDM based LP-WUR would be higher than that of OOK-based LP-WUR and having such ‘early termination’ of WUS monitoring is critical for obtaining power savings with OFDM-based LP-WUR.
[image: ]
[bookmark: _Ref159176960]Figure 21: LP-WUS with different monitoring duration for OFDM-based WUR vs OOK-based WUR.

Additionally, LP-WUS design should consider complexity reduction techniques to avoid excessive blind decodes or monitoring duration for payload detection using OFDM-based LP-WUR. This can be done for example by ensuring that sufficient ‘ON’ symbols are present at least in the initial part of LP-WUS. 

[bookmark: _Toc163208926]LP-WUS design should allow OFDM-based LP-WUR to detect the information sent using OFDM sequences using a smaller monitoring duration compared to that of OOK-based LP-WUR (which detects information sent via OOK).
4	Coverage evaluations 
According to RAN1#116 agreements, for RAN1 evaluation purpose, the SNR to achieve the coverage of PUSCH for message3 is determined for OOK-based LP-WUR and OFDM-based LP-WUR, respectively. Table 4 summarizes the required SNR for different WUS options.
[bookmark: _Ref163207698]Table 4: SNR table for coverage evaluations.
	
	Bandwidth for LP-WUS signal (MHz)
	NF for LP-WUR (dB)
	Gain of antenna element (dBi) assumed for LP-WUR: 
e.g., -3 dBi for redcap UE and e.g., 0dBi for non-redcap UE
	# of Tx chains for LP-WUS/LP-SS transmission, e.g., 2
Note: The number of Tx chains for LP-WUS/LP-SS transmission is assumed the same as the number of RX chains for MSG3 reception

	MIL value of MSG3: taking redcap UE /non-redcap UE @dense urban 2.6GHz

	The SNR (dB) to achieve the coverage of PUSCH for message3

	Ericsson (OOK) 
	4.32 MHz
	13
	0
	4
	153.2 dB (two retransmissions)
	-7

	Ericsson (OOK) 
	4.32 MHz
	13
	0
	4
	149.2 dB (no retransmissions)
	-3

	Ericsson (OFDM) 
	4.32 MHz
	10
	0
	4
	153.2 dB (two retransmissions)
	-4.5

	Ericsson (OFDM)
	4.32 MHz
	10
	0
	4
	149.2 dB (no retransmissions)
	-0.5

	Ericsson (OFDM) 
	4.32 MHz
	7
	0
	4
	153.2 dB (two retransmissions)
	-2.5

	Ericsson (OFDM)
	4.32 MHz
	7
	0
	4
	149.2 dB (no retransmissions)
	1.5



5	LP-SS design
[bookmark: _Hlk158197711]During the Rel-18 SI, different LP-WUR architectures were considered. One of the differentiating factors in terms of LP-WUR is the type of the signal it can detect or receive. WUR with only envelope detection capability can only detect amplitude modulated signal such as On-Off keying (OOK) signal, while a more capable LP-WUR can detect/receive signal with I/Q components, making it able to receive existing OFDM-based NR sequences. For the latter type, it is clarified in the WID objective that existing synchronization signal (e.g., SSS) can be used for the purpose of synchronization and RRM measurement. 
5.1	General design consideration
For the WUR only capable of envelope detection (OOK-based WUR), if synchronization and/or RRM measurement is to be performed by WUR, a new synchronization signal, LP-SS, that is compatible with envelope detection is needed.  

[image: ]
[bookmark: _Ref159160648]Figure 22. Flexible LP-SS placement options to minimize NW overhead and energy efficiency impact.

There are several aspects to consider for LP-SS design, 
· Whether to support OOK-1 and/or OOK-4 
· Signal generation for OOK-1 waveform is simpler than that of OOK-4 and thus preferred. However, for a given time duration, OOK4 can accommodate a longer sequence of ON-OFF symbols which may help with detection performance. Since the receiver will not have accurate timing, receiver complexity to detect OOK-1 vs. OOK-4 based LP-SS also must be considered.
· Whether to specify the overlaid OFDM sequence as part of the LP-SS
· Specifying the overlaid OFDM sequence may help with improving detection performance of LP-SS only if LP-WUR is also capable of OFDM signal reception. However, it is clarified in the WID that for LP-WUR that can receive existing PSS/SSS, existing PSS/SSS can be used for synchronization and RRM instead of LP-SS. Therefore, there is no strong need to specify overlaid OFDM sequence for LP-SS. In our view, LP-SS design should be simplified as much as possible.
· How often LP-SS is transmitted
· Transmission periodicity of LP-SS depends on the purpose of LP-SS, e.g., to provide coarse timing, it can be sufficient that LP-SS is transmitted less often (once every one or two seconds). However, if it is used for serving RRM measurement, it may need to be transmitted more frequently. LP-SS periodicity will have a direct impact on additional resource overhead as well as NW energy consumption. To limit the negative impacts on NW overhead, larger periodicity values are preferred. Thus, for flexible operation, LP-SS periodicity should be configurable by the NW.
· For candidate values for periodicity, we prefer to start with the following with higher values preferable: 320ms, 640ms, 1280ms, 2560ms, 5120ms, 10240ms. 


· Location in frequency and time domain of LP-SS transmission 
· To ensure NW scheduling flexibility, it should be possible to have flexible placement of LP-SS resources in frequency and time. For example, flexibility to configure LP-SS resource near existing NR signals (FDM/TDM) is desirable to minimize gNB impact (Some examples shown in Figure 22). Since both SSB and LP-SS are broadcasted periodically, it is beneficial if the location of LP-SS can be set such that it allows the gNB to go into micro sleep mode to help with NW energy saving.
· Sequence pattern and duration 
· LP-SS design should provide good synchronization performance as well as good RRM measurement accuracy when the measurement is performed on the LP-SS, if supported. In addition, it should fulfill the coverage performance target. 
· Whether Manchester coding is needed can be investigated, e.g., how it impacts the sequence design and corresponding performance. Since LP-SS does not carry any information, flexible mapping between payload and OOK pattern becomes less of an issue, unlike for LP-WUS.

· Number of LP-SS sequences 
· Multiple LP-SS sequences can be used for avoiding interference and detection/measurement ambiguity for cell-edge UEs and the need for this should be studied further. 
[bookmark: _Toc163208927]It should be possible for NW to flexibly configure the placement of LP-SS resources in frequency and time to minimize overhead and NW energy efficiency impact.
[bookmark: _Toc163208928]Consider following values for configuring LP-SS periodicity: 320ms, 640ms, 1280ms, 2560ms, 5120ms, 10240ms (higher values preferred). 
5.2	OOK waveform for LP-SS
In RAN1#116, the following agreement was made:
	Agreement
Further study the following options for LP-SS:
· Option 1: OOK-1 
· Option 2: OOK-4 with M=1,2,4,[8]
· The SCS of a CP-OFDM symbol used for LP-SS generation is the same as that used for LP-WUS generation
· FFS: different SCS



Signal generation for OOK-1 waveform is simpler than that of OOK-4 and thus preferred. However, for a given time duration, OOK-4 can accommodate a longer sequence of ON-OFF symbols. For avoiding interference and detection/measurement ambiguity for cell-edge UEs, multiple LP-SS sequences can be used. Nonetheless, the number of required sequences is expected to be small (e.g., around 4 sequences to distinguish neighboring cells). For such small number of sequences, the benefit of OOK-4 over OOK-1 is not clear. 
OOK-4 can provide better timing accuracy compared to OOK-1 due to shorter OOK-4 segments. However, LP-SS does not need to provide fine synchronization especially if preamble is appended to the WUS. With OOK-1, timing accuracy in the order of a few us can be achieved (as shown in previous sections) which is significantly smaller than an OFDM symbol duration. 
Another aspect is that since the receiver will not have accurate timing, receiver complexity to detect OOK-1 vs. OOK-4 based LP-SS also must be considered. In general, detection of shorter sequences is simpler at the receiver. 
In terms SCS, the SCS of LP-SS should be the same as LP-WUS and other NR transmissions in the same OFDM symbol.

[bookmark: _Toc163208929]OOK-1 should be supported for LP-SS. OOK-4 can be additionally supported.
[bookmark: _Toc163208930]Same SCS should be used for LP-SS, LP-WUS, and other NR transmissions in the same CP-OFDMA symbol.

Number of LP-SS sequences: 
· Multiple LP-SS sequences can be used for avoiding interference and detection/measurement ambiguity for cell-edge UEs and the need for this should be studied further. Nonetheless, the number of required sequences is expected to be small (e.g., around 4 sequences to distinguish neighboring cells).

[bookmark: _Toc163208911]The number of required LP-SS sequences is expected to be small (e.g., around 4 sequences to distinguish neighboring cells).

Frequency and time domain of LP-SS transmission: 
· To ensure NW scheduling flexibility, it should be possible to have flexible placement of LP-SS resources in frequency and time. For example, flexibility to configure LP-SS resource near existing NR signals (FDM/TDM) is desirable to minimize gNB impact (Some examples shown in Figure 22). Since both SSB and LP-SS are broadcasted periodically, it is beneficial if the location of LP-SS can be set such that it allows the gNB to go into micro sleep mode to help with NW energy saving.
· In terms of bandwidth, the LP-SS bandwidth can be different than LP-WUS bandwidth due to different payload sizes and frequency multiplexing considerations. For example, LP-SS requires smaller overhead compared to LP-WUS to reach Msg3 coverage target. Moreover, from a frequency multiplexing perspective, small bandwidths for LP-SS are preferred.

5.3	Evaluation of RRM using LP-SS
Table 5 below shows initial evaluation of RSRP accuracy for different LP-SS waveform candidates and for SSS. Detailed evaluation assumptions are given in Annex. Results in the table indicate that at least for the evaluated scenarios (AWGN, TDL-C300_3 with no timing or frequency error) 2-6 OFDM symbols of LP-SS transmission duration is needed to achieve comparable RSRP accuracy as 1 symbol SSS.

Table 5: Initial Evaluation for RSRP accuracy.
	Waveform used for RSRP measurement
	#OFDM symbols used for RSRP measurement
	SNR, channel assumed for RSRP measurement
	RSRP accuracy (±XdB @ 90%)

	SSS
	1
	-6dB, AWGN
	0.58

	LP-SS (OOK-1)
	2
	-6dB, AWGN
	2.33

	LP-SS (OOK-4, M=2)
	2
	-6dB, AWGN
	2.01

	LP-SS (OOK-4, M=4)
	2
	-6dB, AWGN
	2.13

	
	
	
	

	SSS
	1
	-9dB, AWGN
	0.82

	LP-SS (OOK-1)
	4
	-9dB, AWGN
	2.51

	LP-SS (OOK-4, M=2)
	4
	-9dB, AWGN
	2.19

	LP-SS (OOK-4, M=4)
	4
	-9dB, AWGN
	2.26

	
	
	
	

	SSS
	1
	-6dB, TDLC300_3
	0.88

	LP-SS (OOK-1)
	4
	-6dB, TDLC300_3
	2.68

	LP-SS (OOK-4, M=2)
	4
	-6dB, TDLC300_3
	2.12

	LP-SS (OOK-4, M=4)
	4
	-6dB, TDLC300_3
	2.15

	
	
	
	

	SSS
	1
	-9dB, TDLC300_3
	1.24

	LP-SS (OOK-1)
	6
	-9dB, TDLC300_3
	3.08

	LP-SS (OOK-4, M=2)
	6
	-9dB, TDLC300_3
	3.35

	LP-SS (OOK-4, M=4)
	6
	-9dB, TDLC300_3
	3.40



[bookmark: _Toc163208912]For AWGN and TDL-C300_3 channel model with -6dB or -9dB SNR: at least 2-6 OFDM symbols of LP-SS transmission duration is needed to achieve comparable RSRP accuracy (less than ~3dB error) as 1 symbol SSS.
6	Conclusion
In the previous sections we made the following observations: 
Observation 1	In terms of coverage, OOK-1 slightly outperforms OOK-4 for the same payload and same resource overhead.
Observation 2	In the Idle/Inactive mode with Msg3 coverage target, OOK4 does not provide any benefit over OOK1 while increasing both gNB and UE complexity.
Observation 3	OOK-4 generation can be specified in either frequency domain or time domain. For the time domain option, specification effort can be less while the gNB complexity can be higher.
Observation 4	It is more complex to generate and receive OOK4, M=1 with time domain sequences compared to OOK-1 with frequency domain sequences without any performance advantage for the additional complexity.
Observation 5	For OOK-based detection, WUS duration of nearly tens of slots is required for payloads larger than 8 bits to cover cell edge UEs.
Observation 6	For OOK-1, the OFDM sequences can be similar to one of the existing NR sequences and are transmitted during the ON duration of the OOK signal.
Observation 7	Compared to OOK-1, it is more complex to generate OOK-4 with overlaid OFDM sequences that carry information.
Observation 8	Transmit cyclic delay diversity (CDD) can provide 1-2 dB coverage gain.
Observation 9	The number of required LP-SS sequences is expected to be small (e.g., around 4 sequences to distinguish neighboring cells).
Observation 10	For AWGN and TDL-C300_3 channel model with -6dB or -9dB SNR: at least 2-6 OFDM symbols of LP-SS transmission duration is needed to achieve comparable RSRP accuracy (less than ~3dB error) as 1 symbol SSS.
Based on the discussion in the previous sections we propose the following:
Proposal 1	Following principles should be considered for LP-WUS and LP-SS design
a.	It should be possible to generate LP-WUS/LP-SS transmissions using existing gNB hardware and not trigger any new emissions or compliance requirements.
b.	It should be possible to multiplex the LP-WUS/LP-SS with other NR transmissions in time or frequency domain without causing interference.
c.	It should be possible to reuse any unused LP-WUS time and frequency resources for other transmissions.
Proposal 2	Paging misdetection performance of the UE should not be impacted when LP-WUS is used by the UE for power savings.
Proposal 3	Different SCS case for LP-WUS and other NR transmissions in the same CP-OFDMA symbol is not considered further.
Proposal 4	Including a preamble part before the data part of LP-WUS transmissions should be considered.
Proposal 5	Performance of sequence-based and payload-based LP-WUS structures should be studied further.
Proposal 6	OOK-1 generation should be specified in the frequency domain. That is, for ON symbols of OOK-1, sequences used as input of IFFT of the gNB transmitter are specified.
Proposal 7	To generate OOK-1, existing NR sequences should be reused to minimize impacts on the gNB transmitter and specifications.
Proposal 8	For OOK-4, the supported values of M should be 2 and 4.
Proposal 9	WUS payload size should be at most 8 bits in Idle/Inactive. Similar payload size should be considered for Connected mode.
Proposal 10	WUS bandwidth close to bandwidth of PSS/SSS (~11 RBs) should be supported. This corresponds to ~2 MHz and ~4 MHz bandwidths for 15 kHz SCS and 30 kHz SCS.
Proposal 11	LP-WUS design should allow OFDM-based LP-WUR to detect the information sent using OFDM sequences using a smaller monitoring duration compared to that of OOK-based LP-WUR (which detects information sent via OOK).
Proposal 12	It should be possible for NW to flexibly configure the placement of LP-SS resources in frequency and time to minimize overhead and NW energy efficiency impact.
Proposal 13	Consider following values for configuring LP-SS periodicity: 320ms, 640ms, 1280ms, 2560ms, 5120ms, 10240ms (higher values preferred).
Proposal 14	OOK-1 should be supported for LP-SS. OOK-4 can be additionally supported.
Proposal 15	Same SCS should be used for LP-SS, LP-WUS, and other NR transmissions in the same CP-OFDMA symbol.
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Annex

Approved WID is copied below:
	· To specify an LP-WUS design commonly applicable to both IDLE/INACTIVE and CONNECTED modes (RAN1, RAN4)
· Specify OOK (OOK-1 and/or OOK-4) based LP-WUS with overlaid OFDM sequence(s) over OOK symbol
· The LP-WUS design shall ensure that for IDLE/INACTIVE operation, the same information is delivered irrespective of LP-WUR type. The OFDM sequence can carry information.
· At least duty-cycled monitoring of LP-WUS is supported
· For IDLE/INACTIVE modes
· Specify procedure and configuration of LP-WUS indicating paging monitoring triggered by LP-WUS, including at least configuration, sub-grouping and entry/exit condition for LP-WUS monitoring (RAN2, RAN1, RAN3, RAN4)
· Specify LP-SS with periodicity with Yms for LP-WUR, for synchronization and/or RRM for serving cell. (RAN1, RAN4)
· LP-SS is based on OOK-1 and/or OOK-4 waveform with or without overlaid OFDM sequences. Further down selection between with and without overlaid OFDM sequences is to be done within WI.
· Note: For LP-WUR that can receive existing PSS/SSS, existing PSS/SSS can be used for synchronization and RRM instead of LP-SS.
· Y will be decided within WI. 320ms is the start point.
· Specify further RRM relaxation of UE MR for both serving and neighbor cell measurements, and UE serving cell RRM measurement offloaded from MR to LP-WUR, including the necessary conditions (RAN4, RAN2)
· For CONNECTED mode, specify procedures to allow UE MR PDCCH monitoring triggered by LP-WUS including activation and deactivation procedure of LP-WUS monitoring (RAN2, RAN1)
· Check in RAN#105 for potential TU adjustment in RAN2
· Note: In CONNECTED mode, UE MR ultra-deep sleep is not considered, and UE RRM/RLM/BFD/CSI measurements are performed by MR
· Note: The target coverage of LP-WUS and LP-SS shall be the coverage of PUSCH for message3.
· Note: The optimization of LP-WUS signal design for idle/inactive mode is prioritized over the optimization for connected mode.
· Specify the necessary RAN4 core requirement(s) to support the feature (RAN4).
· This objective is to be further refined in RAN#103




Table 6: Simulation assumptions for RSRP evaluations.
	Parameters 
	Value

	Carrier frequency 
	2.6 GHz

	Channel 
	AWGN, TDL-C

	SCS
	30 kHz

	IFFT size in transmitter
	2048

	Delay spread 
	300 ns (TDL_C)

	UE speed
	3 km/h, 30km/h (TDLC)

	UE Rx antennas 
	1 for WUR

	WUR sampling rate 
	15.36 M samples/s

	SNR
	-6 dB. -9 dB

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

	Number of ADC bits
	8

	Frequency Error
	none

	Timing error
	none

	Receiver filter
	3th order Butterworth, filter BW is the same as WUS BW (~5MHz)

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

	OOK pattern 
	 ON and OFF symbol is transmitted alternatively

	RSRP calculation
	Delta measurement = (estimated measurement – ideal measurement)  [dB]
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