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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
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 


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 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 1: Consider jointly encoding more than one bit via Manchester Coding.
3.2. Overlay Sequence Design and Encoding
The overlaid OFDM sequence is the ON-sequence(s)  used in the OOK waveform modulation. As discussed earlier, a single sequence or multiple sequences can be used, where in the latter case information can also be encoded in the different sequences. The known sequences can be defined per OOK symbol or span multiple OOK symbols.
3.2.1. Short sequence vs. Long sequence
The overlaid sequence can have different length. We consider 2 options: (1) where the ON-sequence of length  is the same for all OOK symbols and (2) where the sequence spans the entire OOK waveform.
The COR-WUR will correlated the received signal with the known ON-sequence. We consider 2 approaches:
· Per OOK-symbol Correlation: The COR-WUR carries out correlation for each OOK symbol. The advantage is that the correlations are short (sequence length of ) and (in case of Manchester Coding) there are only 2 correlations required to decode one group ID.
· Per OOK-waveform Correlation: The COR-WUR jointly correlates across the entire OOK waveform. If  bits are transmitted,  correlations are required. The advantage is the increased performance at the expense of higher complexity.
The performance comparison in Figure 4 shows that there is no significant performance difference between short and long overlaid sequences. The performance difference between COR-WUR and ED-WUR is about 6dB for all schemes. Correlation per OOK symbol results in a 1dB loss compared to joint correlation across the entire OOK waveform.
Moreover, the choice of sequence has no impact on the performance of the COR-WUR and has a marginal impact on the ED-WUR. More precisely, using an SSS sequence results in a slight performance degradation because of the resulting spectrum is not matched well to the receive filter (which is kept identical across schemes).
[image: ]
[bookmark: _Ref158363604]Figure 4: Performance comparison for different overlaid sequences in AWGN.
Observation 2: Long ON-sequences spanning multiple OOK symbols need to be evaluated carefully to minimize impact on ED-WUR.

3.2.2. Encoding with Multiple ON-Sequences
Multiple ON-sequences  can encode information  by mapping to a specific sequence  Longer sequences have the advantage that a larger number of sequences with good cross-correlation properties is available. However, the receiver complexity increase with the length of the ON-sequences. 

3.3. 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 5, 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 will 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 5: 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 is 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, 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 6 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 coherent 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 6: Example of OOK-4 WUS, Manchester coding and 8 groups, M=4, B=8 b = [11011000]  and  sequences.

Figure 7 shows an example with extended Manchester coding  and otherwise the same parameters as in the previous example in Figure 5. It can be observed that the position of the ON-sequence within an OFDM symbol encodes 2 group IDs.

[image: ]
[bookmark: _Ref158045731]Figure 7: 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. However, in case of multiple ON-sequences, less bits can be encoded than in the example in Figure 5 because there are fewer ON-pulses. For instance, 2 ON-sequences can encode 2 bits over the entire OOK-4 waveform, as opposed to 4 bits in Figure 5. However, the power in the ON-pulse is which results in an overall performance gain.
Proposal 2: For multiple ON-Sequences, jointly encode the payload with OOK and sequence encoding.

3.4. 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 3: Consider WUR-type dependent wake-up to reduce unnecessary wake-ups.
4. Simulation Results
Table 4 shows the general link-level simulation assumptions.
	Parameter
	Value

	Carrier Frequency
	2.6 GHz (FDD)

	Waveform
	OOK-4

	Channel Structure
	Option 3: Payload only (no CRC)

	SCS
	30 kHz

	Configuration of LP-WUS Signal
	OOK-4: M=4
ON-Sequence = Zadoff-Chu

	WUS Duration
	4 OFDM symbols

	Code Scheme
	Manchester Code R=1/2

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

	LP-WUS BW
	5 MHz
12 PRBs WUS (4.32 MHz) + 1 PRB GB on each side 

	Filter
	3rd order Butterworth with 4.32 MHz BW 

	Adjacent Sub-carrier Interference (ACI)
	none

	WUS Sampling Rate
	7.68 MHz

	ADC bit-width
	inf

	Channel Model
	AWGN

	Timing Error
	0

	Frequency Error
	0

	Antenna configuration
	1Tx, 1Rx

	UE speed
	0 km/h

	
	

	Receiver
	Energy Detector, Correlation Detector


[bookmark: _Ref131796715]Table 4: Link-level simulation assumptions.
Figure 8 shows the performance of the example in Figure 5 and Figure 6. If only a single sequence is used, there is 6dB performance gain of the COR-WUR compared to the ED-WUR. In case of 2 sequences there is a 3dB gain if combining is used and the total gain compared to ED-WUR increases to 8.5 dB.

[image: ]
[bookmark: _Ref159245299]Figure 8: Performance in AWGN with 𝑀=4, 𝐵=8 and 2 sequences.



5. Conclusion
In this contribution, the following proposals and observations have been made:
Proposal 1: Consider jointly encoding more than one bit via Manchester Coding.
Proposal 2: For multiple ON-Sequences, jointly encode the payload with OOK and sequence encoding.
[bookmark: _GoBack]Proposal 3: Consider WUR-type dependent wake-up to reduce unnecessary wake-ups.
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