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1. Introduction
The SI [1] on low-power (LP) wake-up signal (WUS) and receiver for NR has been approved in RAN#94e with the main goal to study WUS and receiver architectures that allow for an independent low-power receiver implementation.
LP-WUS has been studied and specified in other RATs, most notably in IEEE 802.11ba. 
In 3GPP wake-up signals 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 LP-WUS is that the LP-WUS is received with a wake-up receiver (WUR) independent of the main radio, i.e. the main radio can be turned off.
The following objectives are included in the SI [1]:Objectives:
· 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 and their coverage availability, as well as latency impact. 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.


This contribution focuses on the physical wake-up signal design and configuration.

2. WUS Design
In this section we present our thoughts on the physical design of the WUS.
2.1. WUS Requirements
Requirements include the following:
· Seamless integration into transmitter processing
The WUS is allocated to the time-frequency grid as any other NR signal. No new hardware shall be necessary and no new emissions for the WUS transmission.
· WUS must enable a variety of low-power receivers
The WUS must be designed to enable the implementation of low-power receivers. WUS designs constraining the implementation, e.g. requiring a (precise) local oscillator for sequence correlation, should be avoided.
· WUS must be resilient to interference
WUS should be robust to interference, e.g. inter-cell interference. How well the in-band interference is suppressed depends on the WUS receiver architecture.
· WUS capacity
Enough capacity to efficiently identify the UEs to wake.
Given the above requirements, a good candidate modulation is Multi-Carrier On-Off Keying (MC-OOK) which has also been selected for IEEE 802.11ba. MC-OOK integrates seamlessly into the existing NR transmit chain and allows for low-power receiver architectures. 
2.2. WUS physical structure
In this section, we discuss the resource allocation for the WUS. Firstly, we propose to divide the WUS resources among a WUS preamble and a WUS data part, cf. Figure 1.
[image: ]The preamble is known sequence and primarily used for time-frequency synchronization in order to correctly receive the data part. Depending on the receiver design, it can also be used for channel estimation which may help to calculate thresholds for the data detection.[bookmark: _Ref115169344]Figure 1: Basic WUS structure including a preamble and data part.

The data part of the transmission carries the WUS payload.
Proposal 1: Consider a preamble prior to the data part of the transmission.
2.3. WUS Modulation
As previously stated, MC-OOK seems to be a good candidate modulation scheme which has also been selected for WUS in IEEE 802.11ba. However, in IEEE 802.11ba the sub-carrier spacing is 312.5 kHz resulting in an OFDM symbol length (including CP) of 4µs. NR, FR1, only supports 15, 30 and 60 kHz SCS resulting in a much lower data rate, e.g. at 15 kHz,  a 32-bit preamble would take almost 3 entire slots to transmit. The longer the WUS transmission lasts the more power the WUS receiver will consume. 
Contrary to IEEE 802.11ba, NR offers a much larger number of sub-carriers. Thus, we propose to transmit multiple bits per OFDM symbol with MC-OOK.
Proposal 2: Transmit multiple bits per OFDM symbol using MC-OOK.
A simple way to achieve this, is to apply DFT precoding prior OFDM modulation. The principle is illustrated in Figure 2. [bookmark: _Ref115172019]Figure 2: Block-diagram of DFT-precoded MC-OOK.

[image: ]
Consider a sequence of length , each bit is allocated a certain number of elements  in the sequence, if a bit is one, the corresponding elements are non-zero. Suppose  bits are transmitted resulting in a total WUS sequence length of . The sequence of length  is DFT-precoded before it is mapped to the overall system BW. The mapping can either use the DC sub-carrier or not. If it is not used, the corresponding DFT output is punctured which may impact the receiver performance. On the other hand, if the DC sub-carrier is used, the receiver might need to be more complex to include circuitry to handle DC impairments. After -OFDM modulation, the resulting time-domain signal is a MC-OOK waveform, where each bit corresponds to  samples.
One important design parameter is , i.e. the number of sub-carriers or the length of the ON-sequence. The smaller  the more power is concentrated over a smaller bandwidth and hence the SNR increases. On the other hand, smaller  do not benefit from multi-path propagation and hence perform poorly in frequency-selective fading channels, cf. [2].
Observation 1: For DFT-precoded MC-OOK, the number of sub-carriers per bit needs careful consideration. 
If the  bits are uncoded, the power-spectral density (PSD) is the WUS depends on the payload and varies per OFDM symbol, which is undesirable for the receiver. Therefore, we propose to encode the payload prior to modulation.
2.4. WUS encoding
We propose to use an extended Manchester code where  input bits  are encoded to  outbut 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: _Ref109723033]Table 1: Encoding for K=1 input bits and N=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: _Ref115441334]Table 2: Encoding for K=2 input bits and N=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: _Ref109812649]Table 3: Encoding for K=3 input bits and N=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 . 
A disadvantage is that  results in a higher peak-to-average power ratio (PAPR), 3dB in the previous example. However, in conjunction the DFT-precoded MC-OOK the PAPR increase is minor due to the DFT-precoding.
This encoding scheme has multiple advantages including
· PSD is independent of the payload
· Performance gain/coverage improvement since 
· Simplified detection, no threshold detection, only comparison
The simplified detection is particularly important since no complex threshold computation has to be carried out at the receiver. It is sufficient to compute the energy of every coded bit in a codeword  and choose the maximum. More details are available in our companion contribution [3].
Proposal 3: Consider encoding of the WUS payload, e.g. Manchester code, for improved performance.
2.5. Transmission over multiple OFDM symbols
Evidently, multiple OFDM symbols can be used to transmit more WUS data or to increase coverage via repetition. In case of repetition, it is advantageous cyclically shift the signal in every OFDM symbol to increase robustness against interference. An example is depicted in Figure 3. 
[image: ][image: ][bookmark: _Ref115251570]Figure 4: WUS repetition where the same signal is cyclically shifted every OFDM symbol and overlaid with codeword element .
[bookmark: _Ref115188305]Figure 3: WUS repetition where the same signal is cyclically shifted every OFDM symbol.


Note, the cyclic shift does not exploit potential frequency diversity of the channel since the signal is DFT-precoded. Only the length of the ON-sequence  influences the performance in frequency-selective channels.
To increase spectral efficiency, we propose to encode  bits by overlaying an orthogonal or non-coherent code  in time domain, where  is the number of messages and  is the codeword of length ,  representing the number of consecutive OFDM symbols. An example is shown in Figure 4 for , the sequence  of OFDM symbol  for message  in the vertical domain is multiplied by codeword element  to obtain the transmitted sequence  with  and  the bits encoded in the vertical/frequency domain. An example for a non-coherent code is given in [2].
Proposal 4: Consider an overlay code in time-domain to increase spectral efficiency of the WUS.
2.6. ON-sequence design
The ON-signal can either be known or unknown to the wake up receiver (WUR). If it is unknown, the WUR cannot exploit it and a simple energy/envelope detector is optimal. It does not need to be specified and the gNB may choose any modulation symbols. It could even be useful data for another UE, but then the question remains on how to dynamically indicate those resources as they depend on the WUS payload.
A known ON-signal is able to carry information or it can be used to implement a more advanced/complex coherent or non-coherent WUS receiver, cf. [3]. Different sequences can be utilized to encode data, e.g. in Figure 3, we have a combined sequence length of , where  is the number of symbols used for WUS data transmission.
Proposal 5: Consider encoding information via different sequences.
3. WUS configuration
We think the LP-WUS configuration should be similar to previous WUS configurations in LTE-M/NB-IoT, NR Rel-17. More precisely, the WUS is used to indicate groups of UEs or individual UEs to keep the payload small and the WUS transmission short. 
Multiple WUS resource may be configured in the cell for different types of UEs or use-cases. Depending on the WUS capabilities, the grouping is performed such that the amount of unnecessary wake-up is minimized.
Proposal 6: Consider similar WUS configuration as in LTE-M/NB-IoT.
A WUS resource may also be configured for different message types, e.g.
· Wakeup: Indicates which UEs have to wake up for reception of paging message
· Control: Indicates a WUS configuration change, e.g. WUS periodicity or WUS resources, from a pre-configured set of configurations
· Data: Allow for small data transmission in WUS, e.g. trigger an action for an actuator, without having to mode to RRC_CONNECTED
An example configuration for  and  could encoded 3 bits for the UE group ID with an  code in frequency domain and use two sequences to indicate if the WUS is group-specific or if all UEs in the group are to wake up. If a time-domain overlay code is used and in case of group-specific WUS, the additional bits may indicate more precisely which UEs within the group are to wake up.
Another possibility is to use a bitmap to independently signal which groups are to wake up.
Proposal 7: Consider the WUS to carry other message types besides wake-up message.
4. Conclusion
In this contribution the following proposals and observations have been made:
Proposal 1: Consider a preamble prior to the data part of the transmission.
Proposal 2: Transmit multiple bits per OFDM symbol using MC-OOK.
Observation 1: For DFT-precoded MC-OOK, the number of sub-carriers per bit needs careful consideration. 
Proposal 3: Consider encoding of the WUS payload, e.g. Manchester code, for improved performance.
Proposal 4: Consider an overlay code in time-domain to increase spectral efficiency of the WUS.
Proposal 5: Consider encoding information via different sequences.
Proposal 6: Consider similar WUS configuration as in LTE-M/NB-IoT.
Proposal 7: Consider the WUS to carry other message types besides wake-up message.
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