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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.


During the previous RAN1 meeting RAN1#112, the following OOK schemes were agreed to be evaluatedAgreement:
For MC-ASK waveform generation, where K is size of iFFT of CP-OFDMA, N is number of SCs used by LP-WUS including potential guard-bands, study further 
· Option OOK-1: Single-bit in 1 OFDM symbol, SCs of LP-WUS are 
· OOK=1 means all SCs are modulated
· OOK=0 means all SCs are zero power (from base-band point of view)
· Option OOK-2: Parallel M-bit OOK in frequency domain, 
· N SCs of LP-WUS is further separated into M segments (M=2 in Figure) possibly with guard-bands in-between and/or around 
· OOK=1 means all SCs in segment are modulated
· OOK=0 means all SCs in segment are zero power (from base-band point of view)
· FFS architecture.
· Option OOK-3: Multi-tone single-bit OOK
· N SCs of LP-WUS is separated into L segments (L=2 on Figure) without guard-bands in-between segment, but possibly around
· OOK=1 means 1 sub-carrier (known by UE) of each segment is modulated, rest of SC is zero power (from base-band point of view)
· OOK=0 means all SCs in all segments are zero power (from base-band point of view)
· FFS architecture
· Option OOK-4: Transform M-bit OOK in time domain 
· N SCs of OOK-1 are generated by a transformation (DFT/Least square)
· N’ samples are generated from M-bits 
· signal modification may or may NOT be used
· truncation or other additional modification may or may NOT be used, if not used, N is the same as N’
· N’ can be the same as K
· FFS modulated SCs are e.g. QAM symbols, sequences or other signals 
· Companies to report their assumptions
· potential guard-band SCs are zero power (from base-band point of view)
· [optionally, 2 additional segments, one always modulated and one always zero power (from base-band point of view) can be transmitted]
· Other options are not precluded (e.g. OOK-1 with multiple bits in one OFDM symbol)


In this contribution we will discuss the above options in more detail and provide a comparative evaluation.
2. MC-ASK Waveform Design
In this section we review the 4 agreed OOK schemes. 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. 
2.1. 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 1.

[image: ]
[bookmark: _Ref131753186]Figure 1: 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). An example of the power spectral density of OOK-1 is given in Figure 2, where both the ON-signal and the adjacent transmission consist of random QPSK symbols.
[image: ]
[bookmark: _Ref131758772]Figure 2: Power Spectral Density of OOK-1, , .
It can be seen that OOK-1 with random QPSK integrates seamlessly into the overall transmission.
2.2. OOK-2: Parallel M-bit OOK in frequency domain
A straightforward extension to the single bit OOK (OOK-1) is parallel OOK, i.e. OOK-2. In this scheme,  OOK symbols are mapped to the overall system bandwidth. An example for  is shown in Figure 3.

[image: ]
[bookmark: _Ref131759282]Figure 3: Block-diagram of OOK-2 for 
Compared to OOK-1, if  is kept constant, each of the OOK symbols in OOK-2 occupies less SCs. Guard bands may be required between the OOK symbols to ensure that power leakage from adjacent OOK symbols is minimized. The size of the GBs depends on the receive filter design.
The simulation results in [4] suggest that the performance of OOK-2 is inferior to OOK-4 in frequency selective channels. Moreover, GBs between the OOK symbols are required which increases the overhead. Therefore, we will exclude this scheme from further evaluations.
Figure 4 shows an example of the PSD of OOK-2 with  where 8 SCSs are used for the On-signal. Payload bit = 1 is transmitted with R=1/2 Manchester Code, i.e. coded bits are [1 0]. It can be seen that the power difference between the WUS and the adjacent transmission is about 7.3dB. The reason is that all power available for the WUS is concentrated in 8 SCs and hence the PAPR of the transmission increases.
[image: ]
[bookmark: _Ref131760898]Figure 4: Example PSD of OOK-2, , , bits transmitted 1 and 0, GBs 40 SCS around WUS.

2.3. OOK-3: Multi-tone single-bit OOK
In this scheme, like OOK-1, a single bit is transmitted per OFDM symbol. However, the ON-signal is allocated to non-adjacent sub-carriers. More precisely, the WUS BW is divided into  segments and a single SC (known to the UE) is used per segment. An example is shown in Figure 5.

[image: ]
[bookmark: _Ref131761780]Figure 5: OOK-3, block-diagram with 
Note that OOK-3 can be seen as a special case of OOK-2. Indeed, if OOK-2 uses only a single SC per OOK symbol with payload repetition over the  parallel transmissions we obtain OOK-3.
Different WUS can be multiplexed by using different SC allocations. Distributing the WUS over the entire WUS BW has the advantage of increased frequency diversity. On the other hand, the unused SCs cannot be easily used for other transmissions, since those resources are very fragmented. With parallel OOK for transmitting different WUS, unused resources (no WUS transmitted) can be more easily used for other transmissions. 
An example of the PSD with 8 segments is shown in Figure 6. 
[image: ]
[bookmark: _Ref131762766]Figure 6: PSD of OOK-3 with ,  and a single SC modulated per segment.

The receiver design for OOK-3 is more complex. Either very narrow filters have to be implemented to extract the energy of a single SC or coherent DFT demodulation is required. The proponents of this scheme suggested to use a special Goertzel processing as a low-complexity alternative to the DFT demodulation. 
We will not consider this scheme further in our evaluations.
2.4. 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 7. From the  (coded) 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 non-zero otherwise. The resulting sequence is DFT precoded and the output is mapped to the overall transmission bandwidth.

[image: ]
[bookmark: _Ref131764174]Figure 7: OOK-4, Block-diagram with 
Figure 8 shows the PSD of OOK-4 with DFT-precoding for , bits = [1 0 1 0], , with   If the WUS uses ones for the ON-signal, the WUS peak is about 4.4dB higher than the adjacent QPSK transmission increasing the PAPR of the transmission which is undesirable. However, if the ON-signal consists of random QPSK samples or a Zadoff-Chu sequence, there is no increase in PAPR. Therefore, the choice of the ON-signal is important also with respect to the filter design in the receiver. For instance, an ON-signal consisting of all ones, has most of its power concentrated on the edge of the WUS spectrum, due to the DFT-precoding. Hence a filter with cut-off frequencies at the edges of the WUS spectrum will capture less energy compared to an ON-signal with power concentrated more evenly across its spectrum.

[image: ]
[bookmark: _Ref131772143]Figure 8: PSD of OOK-4 with DFT precoding for different sequence types.  with payload [ 1 0 1 0].
The above Figure 8 only shows the PSD for a payload of [1 0 1 0]. However the PSD depends on the bits transmitted. To illustrate this behavior, we consider  and an ON-signal consisting of all ones. The result for 4 different payloads is shown in Figure 9. The highest peak for payload [0 0 0 1 0 0 0 0] is about 7.2dB above the adjacent transmission power.
[image: ]
[bookmark: _Ref131772270]Figure 9: OOK-4 with DFT precoding with 
To alleviate the problem, one can choose an appropriate ON-signal as shown in Figure 10. Both random QPSK and Zadoff-Chu symbols have an about 3dB higher peak power than the adjacent transmissions and hence achieve lower PAPR than the all-ones ON-signal.

[image: ]
[bookmark: _Ref131773717]Figure 10: PSD OOK-4 with  and payload = [0 0 0 1 0 0 0] for different ON-signals.



3. WUS Encoding 
In this section, we discuss how the WUS payload is transmitted. In RAN1#112-bis the following agreement has been made:
	Agreement
· Study further following alternatives to carry the LP-WUS information using: 
· Alt 1: by sequence(s) detection/selection  
· FFS sequence type
· Alt 2: by encoded bits 
· FFS: what type of encoding scheme
· FFS: with or without other bits (e.g. CRC/FCS)
· Other alternatives are not precluded
· Study whether LP-WUS information needs to be preceded by known one or more sequence(s).



3.1. Alternative 1: Sequence detection/selection
In this option, the WUS payload of  bits is mapped to  different sequences, i.e. each message corresponds to a sequence. The receiver decodes the message by detecting the most likely sequence that has been transmitted. This approach has been selected for the WUS in LTE-M/NB-IoT where the different sequences are obtained from cyclic shifts of a Zadoff-Chu sequence of length 132. 
The main advantage of this scheme is its simplicity and its good detection performance.
The main disadvantages include
· Increased receiver complexity: Energy detection cannot be used. The receiver has to perform correlation(s) to determine the most likely transmitted sequence. Thus, phase information is necessary which requires a coherent reception of the signal, i.e. a PLL.
· Limited payload capacity: Since the number of message increases exponentially with the payload size , this scheme is only feasible for small payloads.

3.2. Alternative 2: Encoding payload
This scheme encodes the payload of  bits into a codeword of  coded bits. Additionally, a CRC can be added to improve the false alarm rate. 
In general, channel encoding adds redundancy to the payload which is used to recover the correct codeword at the receiver. It allows to transmit larger payloads at the expense of increased receiver complexity. Indeed, the receiver has to implement additional logic to decode the codeword and perform a CRC check.
A particular encoding scheme considered by many companies is 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.
Note that Manchester coding can be applied in conjunction with other coding schemes such as linear block codes. For instance, payload  can first be encoded with a linear block code and the resulting coded bits are subsequently encoded with Manchester coding. 
Observation 1: Manchester coding can be applied together with other encoding schemes.
We would like to point out, that a combination of Alt1 and Alt2 may also be desirable. A sequence detection is more robust than a coding scheme and could reduce the false alarm rate and alleviate the need for a CRC. 
Observation 2: A combination of Alt1 and Alt2 may also be considered. For instance, Manchester coding with sequence detection.
In conclusion, we think that the most important criteria for recommending a waveform and encoding scheme is the associated receiver complexity/power consumption.

4. Coverage enhancement
In this section we discuss possible techniques to improve detection performance of the LP-WUS.
	Agreement
· Study the following techniques/mechanisms to enhance coverage performance of LP-WUS
· low complex channel coding 
· FEC
· spreading code in time domain
· time domain repetition 
· with combining before or after ED
· time-domain interleaving
· Note: Also Manchester coding can be considered as channel code     
· non-contiguous transmission in the frequency domain
· frequency domain repetition 
· frequency-hopping
· power-boosting
· transmit diversity
· study whether any above techniques could be transparent to UE.



4.1. [bookmark: _Ref135036579]Extended Manchester Coding
Prior to the WUS modulation, channel encoding can be applied to increase robustness of the signal to various impairments and facilitate demodulation.
In general, the encoding block can use any kind of channel coding, we propose to use an extended Manchester code where  input bits  are encoded to K output bits  according to 

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

	0
	01

	1
	10


[bookmark: _Ref131795977][bookmark: _Ref131795962]Table 1: Encoding for B=1 input bits and K=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: _Ref131795994]Table 2: Encoding for B=2 input bits and K=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: _Ref131796014]Table 3: Encoding for B=3 input bits and K=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.
A disadvantage is that  results in a higher peak-to-average power ratio (PAPR), 3dB in the previous example. However, in conjunction the DFT-precoding and appropriate ON-signals the PAPR increase is minor, see Figure 10. Moreover, at the transmitter PAPR is not a major issue, especially if the WUS only occupies a fraction of the system bandwidth.
This encoding scheme has multiple advantages including
· The power of the OOK symbols 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 previous contribution [3].
Proposal 1: Consider encoding of the WUS payload, e.g. Manchester code, for improved performance.
4.2. Transmission over multiple OFDM symbols
Multiple OFDM symbols can be used to transmit more WUS data or to increase coverage via repetition. 
4.2.1. Repetition
Repetition is the simplest way to increase coverage. The simulations in Figure 12 show that one repetition of the signal results in an SNR gain of about 2dB.
Proposal 2: Consider repetition to increase coverage.
4.2.2. [bookmark: _Ref141798447]Non-coherent time-domain overlay code to increase capacity
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. 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].
The receiver can consist of an ED to detection the vertical code, e.g. extended Manchester code R=3/8, and a subsequent sequence detection to decode the horizontal overlay code. Simulation results in Figure 22 suggest that spectral efficiency is significantly enhanced at the expense of increases receiver complexity.
Proposal 3: Consider an overlay code in time-domain to increase spectral efficiency of the WUS.
4.3. 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. Although the receiver is oblivious about the actual sequence transmitted, the spectral shape of the WUS may still be an important parameter for the receiver design, especially the receive filter. If the WUS PSD is known (specified), the filter can be designed for optimal detection. Note that 802.11ba partly specifies the ON-signal as: “The coefficients of the nonzero subcarriers are selected from the symbols of any of the following constellations: BPSK, QPSK, 16-QAM, 64-QAM, and 256-QAM.”

Another advantage to specify the ON-signal is the ability to carry information or to implement a more advanced/complex coherent or non-coherent WUS receiver, cf. [3]. Different sequences can be utilized to encode data.
Proposal 4: Consider specifying the ON-signal of the WUS.
5. Content of LP-WUS
In the last meeting RAN1#112-bis-e, the following agreement was made
	Agreement
· For IDLE/INACTIVE mode study at least following candidates for content of LP-WUS
· information on which user(s) is/are targeted by the LP-WUS
· e.g. UE-group, -subgroup or -ID
· FFS: cell information 
· FFS: SI change and ETWS/CMAS information, tracking area information, and RAN area information
· For CONNECTED mode, study at least following candidates for content of LP-WUS
· information on which user(s) is/are targeted by the LP-WUS
· e.g UE-group, -subgroup or -ID
· indication to wake-up to PDCCH monitoring.
· Other information candidates are not precluded
· Study pros and cons of including above information to LP-WUS. 
· Note: the information may be explicitly or implicitly indicated.



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 5: 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 Group Change, 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 switch to RRC_CONNECTED
An example configuration, use 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 6: Consider the WUS to carry other message types besides wake-up message.
6. Simulation Results
In this section we present link-level simulation results. The following guidelines were captured in RAN1#113
	For companies to consider for providing evaluation results
Focus on the following waveform comparisons:
· cross-waveform-comparison
· OOK-1 M=1 and OOK-4 M=1 (may not need to be simulated, difference can be only in frequency domain sequence used)
· OOK-1 with M x higher SCS than NR, and OOK-4 M
· M=2,4
· OOK-4 M=2 and OOK-2 M=2
· OOK-3 M=1 and OOK-1 M=1 
· OOK-1 and OOK-2 M=2 with further reduced coderate/increased sequence length
· OOK-1 and OOK-4 M=2 with further reduced coderate/increased sequence length
· FSK1/2 M=1 (1bit per OFDMA symbol) and OOK-1 M=2
· FSK1/2 M=2 (2bits per OFDMA symbol) and OOK-2 M=4
· FSK1/2 M=2 (2bits per OFDMA symbol) and OOK-4 M=4 
· OFDMA and other waveforms with roughly matching T-F resources
· Note: Above cases should result in same length of LP-WUS in OFDMA symbols and BW for both compared waveforms 
· Manchester coding 1/2 is applied to OOK for at least encoded bits (payload).
· At least time and frequency impairments should be included. 
· residual time offset 0, 1, 2 and 4 us
· residual frequency offset 0, 1, 2, 5 and 10 
· optional 50, 100 ppm 
· showing tolerance higher than above values is not precluded  
· If further improvement of the signal generation for the agreed waveforms is applied, companies are to provide relevant details
For evaluation of LP-SS accuracy, assume SNR at [-3dB] and LP-WUR noise figure should be reported



The overall parameters are summarized in Table 4. 
Payload
We utilize a fixed payload of either 3 or 8 bits because previous wake-up designs assume 8 UE-groups, hence a single group can be addressed (3 bits) or the 8 groups can be addressed independently (8 bits).
Resource Allocation
The number of resources is kept fixed for all schemes and we use repetition to allocate all resources. 
Power Allocation
Except stated otherwise, all OOK schemes utilize the same bandwidth and the transmit power of the WUS (ON-signal) per OFDM symbol is identical for all schemes. It follows that, e.g. for OOK-4 (M=2) and Manchester coding R=1/2, the power per OOK symbol is double compared to OOK-1. Thus, OOK-4 scheme will lead to a different PSD compared to OOK-1 with higher PAPR. However, as has been discussed in the last meeting, the increased PAPR of the WUS at the gNB is not critical since the overall PAPR is determined by the overall OFDM signal.
Receiver
We use energy detection for OOK. The incoming baseband signal at sampling rate 61.44 MHz (SCS=30kHz) is filtered (Butterworth order 3 with 4.32 MHz BW) and subsequently down-sampled to 7.68 MHz. The CP is discarded resulting in 256 time-samples for the WUS. The energy is accumulated per OOK symbol and the maximum energy is used to decode the codeword comprised of multiple OOK symbols.

	Parameter
	Value

	Carrier Frequency
	2.6 GHz (FDD)

	Waveform
	OOK

	Channel Structure
	Option 3: Payload only (no CRC)

	SCS
	30 kHz

	Configuration of LP-WUS Signal
	Payload of 3 (uncoded) bits
OOK-1: 6 symbols (R=1/2)
OOK-4: M=8, 1 symbol (R=3/8) + 5 repetitions
ON-Sequence = Zadoff-Chu, DFT-precoding

	WUS Duration
	6 OFDM symbols

	Code Scheme
	(Extended) Manchester Code R=1/2, R=2/4, R=3/8

	gNB Channel BW
	20MHz (106 PRBs @ 15kHz 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)
	64-QAM with ρ=0 dB

	WUS Sampling Rate
	7.68 MHz

	ADC bit-width
	4 bits (with perfect AGC)

	Channel Model
	TDL-C 300ns

	Timing Error
	0

	Frequency Error
	0

	Antenna configuration
	1Tx, 1Rx

	UE speed
	0 km/h

	
	

	Receiver
	Energy Detector


[bookmark: _Ref131796715]Table 4: Link-level simulation assumptions.
6.1. Comparison of OOK Schemes in TDL-C
The performance comparison of OOK-1 and OOK-4 in multi-path channels is shown in Figure 11. The payload size is 3 bits for all schemes, hence OOK-1, OOK-4 (M=2) and OOK-4 (M=8) require 6, 3 and 1 OFDM symbol(s), respectively. Note that “X Repetitions” means that the single OFDM symbol WUS is repeated X times. 
“OOK-4, M=2” (using 3 symbols) outperforms “OOK-1” (6 symbols) by ~1dB although the average transmit power over the time resources is the same. The reason is that the SNR per OOK symbol is 3dB higher for “OOK-4, M=2” than “OOK-1” since the OOK symbol is half the duration. 
If “OOK-4, M=2” is repeated once we obtain “OOK-4, M=2, 1 Repetition” resulting in a 2dB gain. For a gain comparison with “OOK-1”, we need to increase the power by 3dB so that the average power is identical. With this power boosting, “OOK-4, M=2, 1 Repetition” and “OOK-1” offer similar performance since repetition only offers a 2dB gain. However, note that power boosting the OOK-1 signal is not desirable from a transmitter point of view due to additional constraints for RF amplification. 
Further increasing OOK symbol rate, we observe that “OOK-4, M=8, R=3/8” (1 symbol) outperforms OOK-1” by ~1.2dB due to SNR and coding gain. For a fair comparison consider “OOK-4, M=8, R=3/8, 5 Repetitions” (6 symbols) and a 3dB power boost for OOK-1. Still, “OOK-4, M=8, R=3/8, 5 Repetitions” outperforms “OOK-1” by about 4dB using the same time-frequency resources and average transmit power. Note that the same extended Manchester coding R=3/8 can be applied to OOK-1, i.e. only one OFDM symbol out of 8 is transmitting the OOK-1 waveform, with a corresponding power boost of 9dB (8 times the power). In that case, OOK-1 would outperform “OOK-4, M=8, R=3/8, 5 Repetitions” because repetition offers only a 2dB gain over a 3dB power boost, when resources double. But again, a 9dB power boost is unfeasible at the transmitter and thus OOK-4 maintains its advantage over OOK-1.
In summary, we observe that OOK-4 outperforms OOK-1 because the available transmit power is concentrated in shorter OOK symbol resulting in higher SNR per OOK symbol. 
Observation 3: OOK-4 significantly outperforms OOK-1.
Moreover, repeating the signal once results in a 2dB SNR gain at 1% BLER.

[bookmark: _Ref131783308]Figure 11: Performance comparison of OOK-1 and OOK-4 in TDL-C 300ns, payload = 3bits.

6.2. Comparison of Different Encoding Schemes for OOK-4
Figure 12 compares the performance of OOK-4 for various values of  and different encoding schemes detailed in Section 4.1. Given Manchester coding R=1/2, where 1 bit is encoded into 2 bits, we observe a performance loss w.r.t.  of about 3dB and 6dB for  and , respectively. The reason is that the transmit power is divided among an increasing number of OOK symbols and hence the SNR per OOK symbol decreases for increasing values of , while the capacity increases. 

[bookmark: _Ref135036705]Figure 12: OOK-4, comparison of various values for   and encoding schemes. Transmission of 1 OFDM symbol.

Observation 4: For OOK-4, Manchester coding R=1/2, increasing  (or capacity) decreases performance by 3dB for every doubling of .
If extended Manchester coding is used, e.g. 2 bits are encoded to 4 bits instead of 1 bit into 2 bits, we observe a gain of about 3dB for both  and  while the payload per OFDM symbol remains the same. Again the reason is that the transmit power is allocated to a shorter OOK symbol, increasing the SNR by 3dB. 
Observation 5: For OOK-4, Extended Manchester coding R=2/4, results in 3dB SNR gain compared to R=1/2 for the same value of .
For , encoding 3 bits to 8 bits, results in a ~3.3dB gain compared to 2->4 bits, slightly higher than 3dB, because of the additional coding gain, R=3/8 compared to R=1/2.
Observation 6: For OOK-4, ,  Extended Manchester coding R=3/8 provides additional coding gain of about .3dB.
From the results we conclude that OOK-4 (M=8) with extended Manchester coding R=3/8 provides the best performance-capacity trade-off.
Proposal 7: Consider OOK-4 () with extended Manchester coding R=3/8 as it provides the best performance-capacity trade-off.


6.3. Comparison of OOK-1 and OOK-4 with different SCS
In this section, we compare OOK-1 with higher SCS to OOK-4 under ideal conditions i.e. no impairments. The goal is to study the performance when both schemes have identical OOK symbol duration and WUS bandwidth, cf. Table 5. The average power is the same for the duration of the WUS. In particular, we compare OOK-1 for SCS=30 kHz to OOK-4, M=2 for SCS=15 kHz where both schemes have OOK symbol length of 256 samples @7.68 MHz, i.e. a OOK symbol duration of .
	SCS
	15 kHz
	30 kHz
	60 kHz

	
	# WUS samples
	# samples per OOK symbol
	# WUS samples
	# samples per OOK symbol
	# WUS samples
	# samples per OOK symbol

	OOK-1
	512
	512
	256
	256
	128
	128

	OOK-4, M=2
	
	256
	
	128
	
	64

	OOK-4, M=4
	
	128
	
	64
	
	32


[bookmark: _Ref141364278]Table 5: Parameters for WUS BW = 4.32MHz and WUS sampling rate of 7.68 MHz.
The results are shown in Figure 13. It can be observed that the performance of both schemes is very similar. 
[image: ]
[bookmark: _Ref141435117]Figure 13: Comparison of OOK-1 and OOK-4 (M=2) with identical OOK symbol duration, payload 3 bits.

Similarly, we compare OOK-1 to OOK-4, M=2 and M=4 for 128 samples with a payload of 4 bits, i.e. 8 OFDM symbols for OOK-1, 4 symbols for OOK-4, M=2 and 2 symbols for OOK-4, M=4. The results are depicted in Figure 14. Again, the performance of OOK-1 and OOK-4 is very similar if the OOK symbol duration and encoding are identical. As previously observed, changing the encoding scheme to concentrate the power on a single OOK symbol, yields a 3dB performance gain.

[image: ]
[bookmark: _Ref141436643]Figure 14: Comparison of OOK-1 and OOK-4 (M=2, 4) with identical OOK symbol duration, payload 4 bits.

Observation 7: There is no significant performance difference between OOK-1 at high SCS and OOK-4.

6.4. Performance under Impairments
In this section, we study the impact of various impairments on the OOK performance. Each impairment is studied independently, i.e. there are no other impairments. 
6.4.1. Impact of ADC
Under the assumption of a perfect gain control, various resolutions of the analog-digital converter are simulated. For OOK schemes with Manchester coding the results are shown in Figure 15.
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[bookmark: _Ref141431881]Figure 15: Performance for different ADC resolutions.
From Figure 15, we observe that an ADC resolution of 4 bits is sufficient. In general, the larger , i.e. the shorter the OOK symbol, the smaller the loss for low ADC resolution because more energy is concentrated in fewer samples resulting in better quantization.
Observation 8: An ADC resolution of 4 bit is sufficient.
Figure 16 depicts the performance under finite ADC resolution and extended Manchester coding. It can be observed that extended Manchester coding increases the robustness to quantization errors because the available transmit power is concentrated on a shorter OOK symbol.
Observation 9: Extended Manchester coding improves robustness to quantization errors.
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[bookmark: _Ref141432467]Figure 16: Performance for different ADC resolutions with extended Manchester coding.


6.4.2. Impact of ACI
This section investigates the impact of adjacent channel interference (ACI). We assume that there are no guardbands and model the interference as random 64-QAM symbols. Moreover, the ACI power is the same for all OFDM symbols.
Figure 17 shows the performance impact of ACI with ACI power varying from 0dB to 12dB. We observe that all schemes are robust to ACI until 9dB. For increasing  the sensitivity to ACI also increases.
Observation 10: All OOK schemes are robust to ACI until 9dB.
Observation 11: Increasing M slightly increases sensitivity to ACI.
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[bookmark: _Ref141432885]Figure 17: Impact of ACI.

6.4.3. Impact of Timing Offset
The impact of timing inaccuracy for schemes with Manchester encoding is shown in Figure 18. The general observation is that increasing , i.e. the shorter the OOK symbol length, increases sensitivity to timing errors. More precisely, whereas OOK-1 has a performance loss of about 2dB at 1%BLER for a timing offset of , OOK-4 does not work at all for this amount of timing error.
In Figure 19 we compared OOK-4 schemes with short OOK symbol length and extended Manchester coding. Extended Manchester coding does not have an impact on the robustness to timing inaccuracies which only depends on the OOK symbol length. Roughly speaking, OOK-4 (M=8) is twice as sensitive as OOK-4 (M=4) which is intuitive as the OOK symbol is twice as short.
Observation 12: OOK-1 is more robust to timing inaccuracies than OOK-4.
Observation 13: Sensitivity to timing errors increases with increasing  .
Observation 14: Robustness to timing errors depends on OOK symbol length and not on Manchester encoding schemes.
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[bookmark: _Ref141691230]Figure 18: Impact of timing offset in micro seconds for OOK schemes with Manchester coding R=1/2.
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[bookmark: _Ref141692978]Figure 19: Impact of timing offset in micro seconds for OOK-4 with extended Manchester coding.

6.4.4. Impact of Frequency Offset
The impact of frequency offset (in ppm) for OOK schemes with Manchester coding R=1/2 is shown in Figure 20. We do not change the LP filter BW to compensate for potential frequency offsets, i.e. the higher the offset the less energy is captured by the filter. At 30kHz SCS and carrier frequency 2.6GHz, a frequency offset of 200ppm corresponds to 520kHz or about 17 SCs for a total of 144 SCs.
Observation 15: All schemes are robust to frequency offsets up to 200ppm. 
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[bookmark: _Ref141693484]Figure 20: Impact of frequency offset (in ppm) on OOK schemes with R=1/2 Manchester coding.
The same observation is true for OOK-4 with extended Manchester coding, cf. Figure 21.
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[bookmark: _Ref141693925]Figure 21: Impact of frequency offset (in ppm) on OOK-4 with extended Manchester coding.


6.5. [bookmark: _GoBack]Performance with Non-coherent Time-Overlay Code
In this section, we consider a non-coherent overlay code, see Section 4.2.2, to increase spectral efficiency. In particular, we consider a payload of 8 bits transmitted in one slot, i.e. 14 OFDM symbols. We utilize a non-coherent (non-orthogonal) code which is BPSK modulated, i.e. each OFDM symbol is multiplied with either 1 or -1. 
The receiver performs ED on the OOK-4 symbols per OFDM symbol. Subsequently, the most likely hypothesis is used to correlate with all codewords on the overlay code. For instance, with , i.e. 3 bits encoded per OFDM symbol and 5 bits with a BPSK modulated overlay code, a total of  correlations are carried out.
From Figure 22, it can be observed that adding an overlay code does not change the BLER of the OOK encoded bits. 
The best results are achieved by encoding 3 bits, M=8, with OOK modulation and 5 bits with the BPSK overlay code. The OOK modulated bits benefit from a higher error protection than the coded bit over OFDM symbols, hence allocating more bits to OOK modulation improves the performance. 
Moreover, we observe that using standard Manchester encoding  with , i.e. 4 bits per OFDM symbols, and repetition factor of 7, the overlay-code scheme achieves a performance gain of about 7dB.
In conclusion, coding over OFDM symbols can increase spectral efficiency at the expense of increased receiver complexity/power consumption.
Observation 16: Coding over OFDM symbols can significantly increase spectral efficiency at the expense of increased receiver complexity/power consumption.
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[bookmark: _Ref141798876]Figure 22: Performance comparison with non-coherent time-domain overlay code.

7. Conclusion
In this contribution, the following proposals and observations have been made:
Proposal 1: Consider encoding of the WUS payload, e.g. Manchester code, for improved performance.
Proposal 2: Consider repetition to increase coverage.
Proposal 3: Consider an overlay code in time-domain to increase spectral efficiency of the WUS.
Proposal 4: Consider specifying the ON-signal of the WUS.
Proposal 5: Consider similar WUS configuration as in LTE-M/NB-IoT.
Proposal 6: Consider the WUS to carry other message types besides wake-up message.
Proposal 7: Consider OOK-4 () with extended Manchester coding R=3/8 as it provides the best performance-capacity trade-off.
Observation 1: Manchester coding can be applied together with other encoding schemes.
Observation 2: A combination of Alt1 and Alt2 may also be considered. For instance, Manchester coding with sequence detection.
Observation 3: OOK-4 significantly outperforms OOK-1.
Observation 4: For OOK-4, Manchester coding R=1/2, increasing  (or capacity) decreases performance by 3dB for every doubling of .
Observation 5: For OOK-4, Extended Manchester coding R=2/4, results in 3dB SNR gain compared to R=1/2 for the same value of .
Observation 6: For OOK-4, ,  Extended Manchester coding R=3/8 provides additional coding gain of about .3dB.
Observation 7: There is no significant performance difference between OOK-1 at high SCS and OOK-4.
Observation 8: An ADC resolution of 4 bit is sufficient.
Observation 9: Extended Manchester coding improves robustness to quantization errors.
Observation 10: All OOK schemes are robust to ACI until 9dB.
Observation 11: Increasing M slightly increases sensitivity to ACI.
Observation 12: OOK-1 is more robust to timing inaccuracies than OOK-4.
Observation 13: Sensitivity to timing errors increases with increasing  .
Observation 14: Robustness to timing errors depends on OOK symbol length and not on Manchester encoding schemes.
Observation 15: All schemes are robust to frequency offsets up to 200ppm. 
Observation 16: Coding over OFDM symbols can significantly increase spectral efficiency at the expense of increased receiver complexity/power consumption.
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