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1. Introduction
In 3GPP wake-up signals (WUS) are specified in both LTE-M/NB-IoT as well as NR-Rel-17 under the name of paging early indication (PEI). The key difference between those WUS and a low-power (LP)-WUS is that the LP-WUS is received with a low-power wake-up receiver (WUR) independent of the main radio, i.e. the main radio can be turned off.
A SI [1] on low-power (LP) wake-up signal (WUS) and receiver for NR has been carried out in Rel-18 with the report available in [2]. In Rel-19, a WI [3] was agreed including the following objective related to LP-WUS and LP-SS design:
Objectives:
· 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)

This contribution focuses on LP-WUS design in RRC IDLE mode.
2. OOK Waveform Designs
Regarding the LP-WUS waveform design the following has been agreed in RAN#116:
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.

In this section, we review the OOK modulation and the 2 agreed OOK schemes, OOK-1 and OOK-4.
We denote  PRBs as the bandwidth of the LP-WUS including potential guard bands (GB). The actual number of used PRBs for the WUS and GB are referred to as  and, respectively, such that .  
Moreover, we refer to the ON-signal  as the sequence of complex symbols allocated to the OOK symbol if the corresponding bit is one. 
The overall DL transmission block diagram is depicted in Figure 1. The  information bits  are encoded and the resulting  coded bits  are modulated onto  consecutive OFDM symbols each carrying  bits. That is,  is the number of coded bits per OFDM symbol or the number of OOK symbols. Subsequently, the signal in frequency-domain  of message  is mapped to the overall resources  of  sub-carriers and OFDM-modulated resulting in the time-domain signal .

[image: ]
[bookmark: _Ref151647480]Figure 1: Overall transmission block-diagram per OFDM symbol.
Subsequently, we review OOK modulation as well as the specific OOK-1 and OOK-4 modulations in the WI objectives.
2.1. OOK Modulation
Denote the OOK modulated signal  in time-domain for message  as

where  is the number of coded bits transmitted per OFDM symbol  and  with  the number of samples for sequence , . The OOK modulation consists of mapping an ON-signal or ON-sequence  to  whenever the corresponding bit is one, i.e.

Hereby, the ON-signal  can be any complex sequence and can be different for every . 
In case of multiple ON-sequence, consider  ON-sequences  able to encode  bits. 

2.2. OOK-1: Single-bit in 1 OFDM symbol
The simplest OOK scheme allocates the ON-signal  of length  to the corresponding WUS SCs if the bit is one and zeros otherwise (in baseband). 
A block-diagram is shown in Figure 2.

[image: ]
[bookmark: _Ref131753186]Figure 2: Block-diagram for OOK-1.
This transmission scheme can only transmit a single bit per OFDM symbol. Thus, the only means to increase the data rate is to shorten the OFDM symbol length by increasing the sub-carrier spacing (SCS).
2.3. OOK-4: Transform M-bit OOK in time domain
This scheme uses DFT-precoding to convert  OOK symbols in time-domain to frequency domain for allocation to  PRBs.
An example block-diagram is depicted in Figure 3. From the  (coded or physical) bits, a signal of length  is generated where each bit is mapped to a sequence  of length , the sequence is 0 if the corresponding bit is zero and  otherwise. The resulting sequence is DFT precoded and the output is mapped to the overall transmission bandwidth.

[image: ]
[bookmark: _Ref131764174]Figure 3: OOK-4, Block-diagram with 

2.4. Discussion
One of the open aspects is how OOK-1 and OOK-4 are to be specified. It is desirable that the WUS generation of OOK-1 and OOK-4 follow the same procedure. Thus, we are in favor of specifying the WUS in time-domain because it is simpler for OOK-4, and OOK-1 can be viewed as a special case of OOK-4 with . 
Proposal 1: Specify LP-WUS in time-domain.
Regarding the possible values for , i.e. the number of OOK symbols per OFDM symbol, we think that , should be supported with  being OOK-1.
Proposal 2: Support  with  being OOK-1.

3. WUS Encoding 
In this section, we discuss how the WUS payload is transmitted. The objectives of the WI state
Objectives:
· 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

It is our understanding, that 2 distinct types of receivers are considered:
1. Energy detector (ED) to receive the OOK waveform
2. Sequence detector (Correlator) to receive the overlaid OFDM sequences
The ED detector (referred to as ED-WUR), does not require coherent detection (no phase information) of the received signal and only operates on the amplitude of the received signal. A sequence detector (referred to as COR-WUR) is able to carry out correlations, either in time or in frequency-domain, to decode the signal which requires coherent demodulation (i.e. phase information). Consequently, the ED-WUR is significantly simpler than the COR-WUR at the expense of inferior performance.
It is assumed that the base-station knows the supported WUR receiver type(s) of the UE via RRC signaling upon connection establishment. Moreover, we suppose that similar UE grouping techniques are used as for PEI or LTE-M/NB-IoT WUS, i.e. up to 8 groups can be signaled independently. Higher layers ensure that the grouping minimizes the false paging probability, that is, the likelihood that an entire group is woken up if only a single UE is paged regularly. For instance, UEs that are paged together periodically would be assigned to the same group. Note, that each group may contain UEs of either COR-WUR or ED-WUR. 
Observation 1: The network knows the WUR-type(s) of the UEs.
3.1. OOK Encoding
The study on LP-WUS [2] suggests to utilize Manchester Coding, where one input bit is mapped to two coded bits, i.e. 0->{0,1} and 1-> {1,0}. This coding technique is especially adapted to OOK with ED since it does not require threshold detection but a simple energy comparison of the two OOK symbols is sufficient for reliable decoding.
The detection performance of Manchester Coding can be improved by jointly encoding multiple bits. More precisely,  input bits  are encoded to  output bits  according to 

where  is the message and  is the decimal representation of codeword . For , we obtain the conventional Manchester code of rate  presented in Table 1.
	Input Bits
	Coded Bits

	0
	01

	1
	10


[bookmark: _Ref159246378]Table 1: Encoding for B=1 input bits and C=2 coded bits, rate R = ½.
Encoding  bits into  coded bits is given by Table 2.
	Input Bits
	Coded Bits

	00
	0001

	01
	0010

	10
	0100

	11
	1000


[bookmark: _Ref159246390]Table 2: Encoding for B=2 input bits and C=4 coded bits, rate R = ½.
We can further decrease code rate to  and obtain, cf. Table 3.
	Input Bits
	Coded Bits

	000
	00000001

	001
	00000010

	010
	00000100

	011
	00001000

	100
	00010000

	101
	00100000

	110
	01000000

	111
	10000000


[bookmark: _Ref159246404]Table 3: Encoding for B=3 input bits and C=8 coded bits, rate R = 3/8.
It can easily be seen that the rate of the code is given by . Hence, increasing  will decrease the code rate.
The advantage of using  compared to , is that double the power can be used for  per codeword because the power has to be divided among 2 codewords in case of . In other words, the available power is concentrated on a single OOK symbol and thus increasing the SINR.
Proposal 3: Consider jointly encoding more than one bit via Manchester Coding.
3.1.1. Discussion for OOK Encoding for 
For  there are two possibilities of Manchester Encoding, (i) the 2 information bits can be encoded separately as shown in Table 4 or (ii) joint encoding as in Table 2. 
	Input Bits
	Coded Bits

	00
	0101

	01
	0110

	10
	1001

	11
	1010


[bookmark: _Ref161402487]Table 4: 𝑀=4, 𝑆𝑒𝑝𝑒𝑟𝑎𝑡𝑒 𝑀𝑎𝑛𝑐ℎ𝑒𝑠𝑡𝑒𝑟 𝑒𝑛𝑐𝑜𝑑𝑖𝑛𝑔 𝑓𝑜𝑟 𝑖𝑛𝑔𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑏𝑖𝑡𝑠.
Both approaches result in a coding rate , however, given the same transmit power of the WUS, the joint approach concentrates the available transmit power in a single OOK symbol instead of two OOK symbols, hence increasing the SNR by 3dB. 
It has been pointed out that this joint encoding approach increases the PAPR of the resulting OFDM time-domain waveform which impacts existing base-station implementations, e.g. they may fail RAN4 requirements. Table 5 provides simulation results for PAPR of various transmission schemes and system configurations.
	Scheme
	20MHz, SCS 30, 51PRBs, FFT=1024
	20MHz, SCS 15, 106 PRBs, FFT=2048
	10MHz, SCS 15, 52 PRBs, FFT=1024
	100MHz, SCS 30, 273 PRBs, FFT=4096
	20MHz, SCS 15, 106 PRBs, FFT=2048, WUS BW=2.5MHz

	64QAM
	8.74
	9.13
	8.74
	9.49
	9.13

	OOK-1, R=1/2
	8.63
	9.01
	8.17
	9.49
	9.1

	OOK-4, M=1, R=1/2
	8.6
	9
	8.15
	9.48
	9.09

	OOK-4, M=2, R=1/2
	8.68
	9.06
	8.31
	9.49
	9.12

	OOK-4, M=4, R=1/2
	8.69
	9.08
	8.35
	9.49
	9.12

	OOK-4, M=8, R=1/2
	8.69
	9.07
	8.35
	9.49
	9.12

	OOK-4, M=4, R=2/4
	9.1
	9.45
	9.27
	9.51
	9.26

	OOK-4, M=8, R=3/8
	9.8
	10.15
	10.59
	9.57
	9.54


[bookmark: _Ref161402887]Table 5: PAPR [dB] simulation results for different encoding schemes and system configurations.
Unless stated otherwise, the simulation assumption in Table 6 are used. The transmission power of the WUS per OFDM symbol is kept constant. For an ON-sequence  of length , a cyclically extended Zadoff-Chu sequence is used which is generate as

where  and  with  denoting the next prime greater or equal to . In the simulations we use root .
The baseline “64QAM” assumes random 64-QAM symbols on all sub-carriers, i.e. no WUS. It can be observed that the impact on PAPR increases with larger WUS BW w.r.t. to the system BW. Moreover, using OOK-1 or OOK-4 does not increase PAPR w.r.t. to the baseline. Given Manchester coding R , there is only a very small increase of PAPR of  compared to . 
For , the PAPR increase caused by joint Manchester Coding () is about 0.4 dB if the WUS BW constitutes about 25% of the overall BW (5MHz out of 20MHz). For a 10MHz channel and 5MHz WUS the PAPR increase is almost 1dB. On the other hand, for a 100MHz channel and 5MHz WUS there is no increase in PAPR. Similarly, for a 20MHz channel with a 2.5MHz WUS the PAPR increase is only 0.1dB. 
Observation 2: PAPR increase of joint Manchester coding for  compared to independent Manchester encoding depends on the ratio of channel BW to WUS BW and is minor (~0.1dB) for many system configurations.
Figure 4 shows the performance for  (and for comparison  with 4 bit payload) with independent Manchester coding () and joint Manchester Coding () for a 20MHz BW channel and a WUS BW of 5.04 MHz (24 PRB WUS + 2 PRB GB on each side) and 2.52 MHz (12 PRB WUS + 1 PRB GB on each side). It can be observed that there is a 3dB SNR gain of  MC vs.  MC in both system configurations. Moreover, in this setting (depending on RX filter design etc.), reducing the WUS BW by half, results in about 3dB SNR loss. The performance of  is about the same as  with  but only delivering half the bit rate.
[image: ]
[bookmark: _Ref161733648]Figure 4: BLER vs. SNR, ED-WUR, 20 MHz (106 PRBs), SCS=15 kHz, M=4, 8 bit payload.
Therefore, with the same performance, a network operator can save 2.52 MHz of BW by configuring a WUS BW of 2.52 MHz with joint Manchester Coding () as opposed to a WUS BW of 5.04 MHz with independent Manchester coding (). The difference in PAPR is only about 9.26dB - 9.08dB = 0.18dB which is only 0.13dB above the baseline of 9.13dB.
Alternatively, the operator can use  but with half the bit rate.
Proposal 4: Allow configuration of joint Manchester Encoding for .
[bookmark: _GoBack]The gains apply also to correlation-based detection as shown in the next sections.
3.2. Single Sequence
If a single ON-sequence is defined, the receiver can carry out correlations to decode the payload. No information is encoded in the sequences but only in the position of the ON-sequence (assuming Manchester coding). The performance of the three types of receivers (cf. Appendix) is shown in Figure 5. As expected, for Manchester Coding , there is a ~2dB and ~6dB gain over the ED-WUR for COR-WUR-OOK and COR-WUR, respectively. The larger gain of the COR-WUR is due to the processing gain by carrying out correlations over the entire WUS which requires a more complex receiver. 
Applying joint Manchester Coding  yields a gain of 3dB, 2.8dB and 1.8dB over  for ED-WUR, COR-WUR-OOK and COR-WUR, respectively. The gain for COR-WUR is smaller because the gain does not come from the increased SNR per OOK symbol, but from reduced cross-correlation among the possible transmit signals. 

[image: ]
[bookmark: _Ref163133840]Figure 5: WUR performance in TDL-C with 𝑀=4, 𝐵=8 and single ON-sequence.
Observation 3: Correlation receiver achieves significant gain over energy detection.
Observation 4: For  Joint Manchester Coding achieves significant performance gain for all receiver types.
3.3. Multiple Sequences
The objective states that multiple ON-sequences  can be defined, with , and that they can encode the same information . 
In RAN1#116 one issue was if the overlaid OFDM sequences carry only a part or all of the WUS payload of  bits. 
· Option 1: The overlaid OFDM sequence(s) carry part of information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by OFDM sequence(s) and location of the OFDM sequence(s)/OOK symbols. 
· Option 2: The overlaid OFDM sequence(s) carry all information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by OFDM sequence(s).
To better understand the issue, consider the example in Figure 6, where the payload  is transmitted with  over  OFDM symbols.
[image: ]
[bookmark: _Ref163202528]Figure 6: Example of OOK-4 WUS, Manchester coding and 8 groups, M=4, B=8 b = [11011000] and Q=2 sequences.
Denote  the bit sequence carried by the overlaid OFDM sequences. If  sequences are available, one bit can be carried per ON-symbol. One option (Option A) is to transmit , i.e. the same bit sequence that is carried via the OOK modulation. This option would require the COR-WUR to receive all 4 OFDM symbols to decode the entire payload. Another option (Option B) is to transmit , or any permutation in the first 4 bits and the associated last 4 bits. As with Option A, the COR-WUR needs to receive all OFDM symbols in order to decode the entire payload. However, it (i.e. a per-OOK symbol correlation receiver) can combine the correlation results of the first 2 OFDM symbols with the last 2 OFDM symbols to increase performance. For a COR-WUR that correlates over the entire WUS this mapping effectively reduces cross-correlation and improves performance.
The above options, i.e. Option 1 and 2, only make sense for multiple overlaid sequences. If there is only a single ON-sequence a correlation-based receiver obtains the information by correlating with potential ON-positions. In general, the COR-WUR has to implicitly decode the position of the ON-signal anyway. That is, for Manchester coding, the correlator has to correlate each OOK symbol with all possible overlaid OFDM sequences. In the example in Figure 6 with , the first 2 OFDM symbols carry all information if Option 1 is used and Option 2 is fulfilled for the 4 OFDM symbols.
Since it has been agreed that the same information is transmitted to both receivers, the base station has to transmit all 4 OFDM symbols anyway. Hence it can overlay the OFDM sequences for the entire transmission. On the receiver side, it makes a difference how the OFDM sequences are overlaid. With Option A, the COR-WUR has to receive the whole transmission. With Option B, it can turn off after 2 OFDM symbols or can receive the entire transmission with increased redundancy and performance.
Therefore, we support Option 2 with the following modification:
· Option 2: The overlaid OFDM sequences carry all information bits of LP-WUS.
What exact bit sequence is carried by the overlaid OFDM sequences can be further studied. One option was presented above as Option B and will further detailed in the next section.
Proposal 5: Further discuss how the information bits are mapped to multiple overlaid OFDM sequences.
3.4. Joint OOK and Sequence Encoding
The objective states that the same information  is transmitted irrespectively of the WUR-type, i.e. the information encoded with available sequences is part of .
For better understanding, consider the example in Figure 7, where groups 1,2,4 and 5 are signaled to wake up using an OOK-4 waveform with  and Manchester coding, i.e. 2 groups can be signaled in a signaled OFDM symbol. It can be observed, that each group is encoded in OOK-symbols at a specific time. Thus, the UEs are not required to decode the entire OOK-waveform, but may only decode the portion containing their group ID. If repetition is required, it may be advantageous to repeat a group ID on consecutive OOK symbols so that the ED-WUR may go back to sleep faster and save power. 
[image: ]
[bookmark: _Ref158039902][bookmark: _Ref158039896]Figure 7: Example of OOK-4 WUS, with , Manchester coding and 8 groups, b = [11011000]  .
Concerning the COR-WUR, the information is decoded by correlating with a known ON-sequence(s) . In case of a single ON-sequence, the information can be decoded by correlating each OOK symbol with the known sequence and comparing the absolute value of adjacent OOK symbol (in case of Manchester coding). With this strategy (COR-WUR-OOK), the OOK waveform of the sequence-based waveform are of the same duration because the same information is transmitted to both receiver types.
If multiple ON-sequences are used to encode information, the question is which groups should be signaled via the sequences because the groups encoded with OOK are fixed.
Figure 8 show a joint encoding with  sequences, the number in the ON-pulse denotes the group ID that is signaled with sequence encoding. Therefore, the COR-WUR can decode the payload  by only receiving the first 2 OFDM symbols instead of all 4 OFDM symbols. To improve detection performance of the COR-WUR, the payload can be partially repeated on the last 2 OFDM symbols. To allow for combining at the COR-WUR, the same groups have to be encoded in one coded OOK symbol (2 consecutive symbols in this example). More precisely, the first 2 OOK symbols encode group 1 through position of the ON pulse and group 5 through the ON-sequences. When group 5 is signaled with OOK encoding in the first two pulses in the second OFDM symbol, the ON-sequence encodes group ID 1. Hence, the correlation values of both cases can be combined since they signal the same groups.

[image: ]
[bookmark: _Ref159243577]Figure 8: Example of OOK-4 WUS, Manchester coding and 8 groups, M=4, B=8 b = [11011000] and  sequences.
Figure 9 shows an example with joint Manchester coding and otherwise the same parameters as in the previous example in Figure 7. It can be observed that the position of the ON-sequence within an OFDM symbol encodes 2 group IDs.

[image: ]
[bookmark: _Ref158045731]Figure 9: Example of OOK-4 WUS, Manchester coding and 8 groups 𝑀=4, 𝐵=8, b = [11011000], 𝐿=4 𝑂𝐹𝐷𝑀 𝑠𝑦𝑚𝑏𝑜𝑙𝑠 and 4 sequences.
Since the power is concentrated in a single OOK-symbol instead of 2 OOK symbols, there is a 3 dB gain for both ED-WUR and COR-WUR-OOK. However, in case of multiple ON-sequences, less bits can be encoded than in the example in Figure 8 because there are fewer ON-pulses. For instance, 2 ON-sequences can encode 4 bits over the entire OOK-4 waveform, as opposed to 8 bits in Figure 8. However, the power in the ON-pulse is larger which results in an overall performance gain.
Figure 10 provides link-level simulation results for multiple overlaid OFDM sequences in various settings. The results labeled “no encoding” use the same bit sequence for the overlaid OFDM sequences as carried by the OOK waveform, e.g.  in Figure 6. On the other hand, the results labeled “encoding” use a different bit sequence for the overlaid OFDM sequences, e.g.  in Figure 6. It can be observed that COR-WUR achieves a performance gain of ~4.4dB and ~3.3dB over COR-WUR-OOK without encoding and with encoding, respectively, due to the processing gain. For COR-WUR-OOK and COR-WUR encoding yields a 3.3dB and 2dB gain compared to no encoding, respectively.
[image: ]
[bookmark: _Ref163202661]Figure 10: WUR performance in TDL-C with 𝑀=4, 𝐵=8 and multiple ON-sequences.
With joint Manchester coding  and  sequences, we observe a 2.8dB and 2.4dB gain for COR-WUR-OOK compared to  Manchester coding without and with encoding, respectively. In case of COR-WUR those gains are 2dB and 1dB, respectively.
In summary the following observations are made:
Observation 5:
· COR-WUR performs better than COR-WUR-OOK due to the processing gain of carrying out longer correlations.
· Transmitting the same payload as the OOK waveform with the overlaid OFDM sequences but in a different bit sequence yields a significant performance gain.
· Using joint Manchester Coding and increasing the number of sequences results in a significant performance gain

Proposal 6: For multiple ON-Sequences, jointly encode the payload with OOK and sequence encoding.


3.5. WUR-type Dependent Wake-Up
As explained earlier, the grouping criteria will likely result in mixed groups, i.e. groups that contain both ED-WUR and COR-WUR UEs. 
If multiple ON-sequences are used to encode information, ED-WUR and COR-WUR can receive different information through OOK encoding and sequence encoding, respectively. For instance, if 2 sequences are available, one group ID can be signaled independently of the underlying OOK encoding.
If a group contains both COR-WUR and ED-WUR and the gNB wants to wake up a UE with an ED-WUR, it can signal 0 to the COR-WUR in that group and 1 to the ED-WUR. This avoids unnecessary wake ups of COR-WUR UEs. However, the WI objective states “…the same information is delivered irrespective of LP-WUR type…”. We suggest to consider the advantages, in terms of reduction of unnecessary paging, of waking up COR-WUR and ED-WUR independently and potentially revise the assumption in the WI objective.
Proposal 7: Consider WUR-type dependent wake-up to reduce unnecessary wake-ups.
3.6. Repetition of Overlaid OFDM sequence
In general, there is no issue in using overlaid OFDM sequence for the entire WUS transmission assuming the OOK waveform detection is not impaired. Hence, repetition should be considered the base line.
In the encoding scheme Option B in Figure 6, repetition is already implicitly considered.
Proposal 8: OFDM sequence(s) are overlaid over the entire WUS duration.
3.7. Sequence Design
In the previous meeting different design aspects have been discussed:
The following aspects should be considered for overlaid OFDM sequence design: 
· The sequence should not compromise OOK detection performance. 
· The sequence should have good cross-correlation property and/or auto-correlation property. 
· The sequence based on existing NR OFDM sequence can be the starting point. 
We agree with all of the above and find it reasonable to evaluate existing NR low-PAPR sequences of NR UL. If ZC-sequences are considered, they should be prime-length, e.g. 37 for  and 5MHz WUS BW.

4. Conclusion
In this contribution, the following proposals and observations have been made:
Proposal 1: Specify LP-WUS in time-domain.
Observation 1: The network knows the WUR-type(s) of the UEs.
Proposal 2: Support  with  being OOK-1.
Proposal 3: Consider jointly encoding more than one bit via Manchester Coding.
Observation 2: PAPR increase of joint Manchester coding for  compared to independent Manchester encoding depends on the ratio of channel BW to WUS BW and is minor (~0.1dB) for many system configurations.
Proposal 4: Allow configuration of joint Manchester Encoding for .
Observation 3: Correlation receiver achieves significant gain over energy detection.
Observation 4: For  Joint Manchester Coding achieves significant performance gain for all receiver types.
Proposal 5: Further discuss how the information bits are mapped to multiple overlaid OFDM sequences.
Observation 5:
· COR-WUR performs better than COR-WUR-OOK due to the processing gain of carrying out longer correlations.
· Transmitting the same payload as the OOK waveform with the overlaid OFDM sequences but in a different bit sequence yields a significant performance gain.
· Using joint Manchester Coding and increasing the number of sequences results in a significant performance gain
Proposal 6: For multiple ON-Sequences, jointly encode the payload with OOK and sequence encoding.
Proposal 7: Consider WUR-type dependent wake-up to reduce unnecessary wake-ups.
Proposal 8: OFDM sequence(s) are overlaid over the entire WUS duration.
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6. Appendix

6.1. Receiver Algorithms

6.1.1. Envelop/Energy Detection in Base-band
The received signal  is first passed through a band-pass filter to extract the WUS frequencies. Subsequently,  is converted into base-band using a sampling frequency  resulting in a sampling rate reduction of . Therefore, with  denoting the FFT size of the OFDM transmission, we obtain  WUS samples per OFDM symbol in time-domain at the receiver base-band. Denote  the discrete received signal in base-band of OFDM symbol . With  the number of OOK symbols per OFDM symbol we have  with  the  samples per OOK symbol. The energy  of OOK symbol  in OFDM symbol  is then given by

The energy is then compared to a threshold or if Manchester coding is used, the energy values are compared, e.g. for Manchester code 

Where  is bit  encoded in 2 consecutive OOK symbols  and  of OFDM symbol .
6.1.2. Correlation detection in Base-band in Time-Domain
If the ON-sequence  is known the receiver can carry out correlations with all possible transmitted sequences . After OFDM demodulation and the WUS signal (sub-carriers) are transformed back into time-domain via Inverse-DFT precoding. We assume that channel estimates are not available, hence a we use a RAKE demodulator for square-law combination of orthogonal signals [Proakis, Figure 14-5-7]. 
6.1.2.1. Correlation per OOK Symbol
If the correlation is carried out per OOK symbol (referred to as COR-WUR-OOK), the resulting time-domain signal  of the  OOK symbol is correlated with  and the  peaks of the correlator output are combined to exploit frequency-diversity in fading channels i.e.

where  returns the  largest absolute values squared of  and the linear cross-correlation function is defined as

6.1.2.2. Correlation per WUS
If the correlation is carried out over the entire WUS to achieve the largest processing gain (referred to as COR-WUR), the message  ,  , for payload of  bits WUS is decoded as

where  is the time-domain WUS and  is the known WUS for message .

6.2. Simulation Assumptions
Unless otherwise stated, the link-level simulation assumption in Table 6 are used.
	Parameter
	Value

	Carrier Frequency
	2.6 GHz (FDD)

	Waveform
	OOK-4

	Channel Structure
	Option 3: Payload only (no CRC)

	SCS
	30 kHz

	WUS payload
	8 bits

	Configuration of LP-WUS Signal
	OOK-4: M=4
ON-Sequence = Zadoff-Chu
Multiple Sequences are obtained via different cyclic shifts

	WUS Duration
	4 OFDM symbols

	Code Scheme
	Manchester Code R=1/2

	Channel BW
	20MHz (51 PRBs @ 30kHz SCS)

	LP-WUS BW
	5 MHz (14 PRBs = 168 SCs)
148 SCs for WUS (4.44 MHz) + 10 SCs GB on each side 

	Filter
	3rd order Butterworth with 4.32 MHz BW 

	Adjacent Sub-carrier Interference (ACI)
	Random 64-QAM symbols with 0dB

	WUS Sampling Rate
	7.68 MHz

	ADC bit-width
	inf

	Channel Model
	TDL-C, 300ns Delay Spread

	Timing Error
	0

	Frequency Error
	0

	Antenna configuration
	1Tx, 1Rx

	UE speed
	0 km/h

	
	

	Receiver
	Energy Detector, Correlation Detector (Energy of 5 highest peaks is combined)


[bookmark: _Ref131796715]Table 6: Link-level simulation assumptions.
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