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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  SCs as the bandwidth of the LP-WUS including potential guard bands (GB). The actual number of used SCs for the WUS and GB are referred to as  and, respectively, such that .  
Moreover, refer to the ON-signal as the sequence of complex symbols allocated to SCs of 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 in 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 uses 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.
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.
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[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. 

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  SCs.
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.
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[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
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: _Ref131795962][bookmark: _Ref131795977]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 . 
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.
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. 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 to cyclically shift the signal in every OFDM symbol to increase robustness against interference. 
An example is depicted in Figure 11.
[image: ][bookmark: _Ref131796101]Figure 11: Examples of WUS repetition. On the left,  the same signal is cyclically shifted every OFDM symbol. On the right, the same signal is cyclically shifted every OFDM symbol and overlaid with 

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 11 (right) 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 2: Consider an overlay code in time-domain to increase spectral efficiency of the WUS.
5. 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 11, we have a combined sequence length of , where  is the number of symbols used for WUS data transmission.
Proposal 3: Consider encoding information via different sequences.
Moreover, as have been described in the previous sections, the ON-sequence/signal design has an impact on the PSD of WUS and hence the PAPR of the transmission. In addition, the PSD of the WUS also impacts the receive filter design. For instance, if a significant amount of power is concentrated at the edge of the WUS spectrum, a wider filter bandwidth may be required to capture more energy which in turn will result in more captured noise as well.
6. 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 4: 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 5: Consider the WUS to carry other message types besides wake-up message.

7. Simulation Results
In this section we present link-level simulation results. The parameters are summarized in Table 4. We simulate a fixed payload of 3 bits because previous wake-up designs assume 8 groups, cf. previous section. The number of resources is kept fixed for all schemes and we use repetition to allocate all resources. 
We use energy detection of all schemes except OOK-3. For OOK-3 we do a 64-DFT and compute the energy in frequency domain.

	Parameter
	Value

	Carrier Frequency
	2.6 GHz (FDD)

	Waveform
	OOK

	Channel Structure
	Option 3: Payload only (no CRC)

	SCS
	15kHz

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

	WUS Duration
	6 OFDM symbols

	Code Scheme
	Manchester Code R=1/2 or Pulse position code R=3/8
For , coding is applied in frequency domain

	gNB Channel BW
	20MHz (106 PRBs)

	LP-WUS BW
	6 RBs = 72 SCs = 1.08 MHz
(K=64 SCs are used for WUS and 4 SCs GB around WUS)

	Filter
	3rd order Butterworth with (K/2+0.5)*SCS Hz BW where K is the number of SCs for LP-WUS (excluding GBs)

	Adjacent Sub-carrier Interference (ACI)
	PDSCH with QPSK and EPRE of LP-WUS / EPRE of PDSCH =ρ, where ρ=0 dB as baseline

	Sampling Rate
	30.72 MHz

	ADC bit-width
	1-4 bits or ideal

	Channel Model
	AWGN, TDL-C 300ns

	Impairment Modelling
	See description in text

	
	

	Antenna configuration
	2Tx, 1Rx

	UE speed
	0 km/h

	
	

	Receiver
	Energy Detector

	Decimation Factor
	2048/K (K=64)


[bookmark: _Ref131796715]Table 4: Link-level simulation assumptions.
7.1. Impact of WUS bandwidth
Concerning the question of the WUS bandwidth. From the simulations in [2], we have observed that larger BW decrease the AWGN performance since wider filters capture more noise. On the other hand, in multipath channels, larger BW captures more diversity and increases the performance. Hence, there is a trade-off between noise enhancement and diversity gain.
If multiple bits are transmitted per OFDM symbol, the ON-signal length will determine the diversity gain in multipath channels. The number of bits transmitted per OFDM symbol will make up the total WUS BW. Therefore, a larger WUS BW will allow more bits to be transmitted. 
However, for larger WUS BW, i.e. higher cut-off frequency, higher order filters are required to attenuate the signal given the same size of guard bands. Equivalently, given the same filter order, larger BW require larger guard-bands. Thus, the BW needs to be kept reasonably sized to capture enough multipath diversity while keeping the filter complexity low. 
Observation 1: The WUS BW is a trade-off between, payload capacity, multipath diversity and filter complexity. 
It seems reasonable to have a configurable WUS BW to cater to different types of devices and use cases.

7.2. Comparison in AWGN
In Figure 13, we compare the performance in AWGN channel.

[bookmark: _GoBack]
[bookmark: _Ref131780080]Figure 13: Comparison in AWGN.
We observe that OOK-1 and OOK-3 have about the same performance as expected. The performance of OOK-3 depends on the GB and the number of allocated SC per OOK symbol. The lower the number of SCs allocated, the narrower can be the filter and hence less noise is captured at the expense of an increased PAPR and higher receiver complexity. OOK-4 with  performs worse than OOK-2 with the same number of repetitions because of the filter passband is larger for OOK-4 and thus more noise is captured. The best performance is obtained by OOK-4 with  and R=3/8 because of the larger number of repetitions and the lower code rate. The performance difference at 1%BLER to OOK-2 is about 1.5dB.
Observation 2: In AWGN, decreasing the number of SCs of OOK symbols improves performance because less noise if captured.
7.3. Comparison in TDL-C
The performance in multi-path channels is shown in Figure 14. OOK-1 and OOK-3 perform similarly although OOK-3 only uses 8 SCs and OOK-1 all 64 SCs. Contrary to AWGN, OOK-2 performs worse than OOK-4 (), because it is only transmitting on a subset of SCs and that is not enough to capture frequency diversity. This is especially apparent for OOK-2 with 8 SCs which suggests that some sort of frequency hopping scheme is required for parallel OOK. Note that the performance in low SNR is better than OOK-4 () because the performance is dominated by the noise and OOK-2 has a narrow filter that captures less noise.
The best performance is observed with OOK-4 () which is about 4dB better at 1%BLER than OOK-4 ().


[bookmark: _Ref131783308]Figure 14: Performance comparison in TDL-C 300ns.
Observation 3: OOK-2 cannot fully exploit frequency diversity because OOK symbols are confined to a subset of the WUS bandwidth.

7.4. Adjacent Channel Interference (ACI)
ACI results from the non-ideal low-pass (LP) filtering of the WUS within the overall channel bandwidth. More precisely, other transmissions may be allocated on the sub-carriers adjacent to the WUS sub-carriers. At the receiver, the time-domain base-band signal is LP-filtered to extract the WUS. Depending on the LP filter implementation (filter type, cut-off frequency, filter order, …), energy from the adjacent sub-carriers will be captured and processed in the WUS detection impairing its performance. To mitigate this effect, a high-order filter can be used which has a much steeper slope of its frequency response. However, high order filters are complex and consume more power. Another approach is to introduce guard-bands (GB), unused sub-carriers, around the WUS bandwidth which allows for simpler filters but reduces resource efficiency. 
In the following, we evaluate the impact of ACI on WUS detection performance. We assume a fixed LP filter, i.e. Butterworth filter of order 3, and modify the GB size (GBS) as well as the power of the ACI w.r.t. to the signal power. Hereby, we model the ACI as random QPSK modulation symbols and the ACI is assumed constant over OFDM symbols.
From Figure 15, we observe that the performance of the two schemes is similar without ACI, OOK-4 performs a little better at low SNR because of the lower code rate (R=3/8 vs. R=1/2). However, for high ACI of 10dB without GBs, OOK-1 proves more robust than OOK-4, i.e. performance difference of ~1.2dB. This increased sensitivity can be explained as follows. The interference captured by the LPF affects all time samples of the WUS. The OOK-1 receiver accumulates the energy over all 64 samples and compares this value to the accumulated energy of the subsequent OFDM symbol. On the other hand, the OOK-4 receiver accumulates the energy over 8 samples and then picks the maximum value of the 8 accumulated energy levels per OFDM symbol. Therefore, the energy levels of the OOK-4 will vary more significantly than the ones of the OOK-1 receiver because the interference is averaged only over 8 samples compared to 64 samples. This fluctuation results in more miss-detections and hence reduced performance. We conclude that increasing the number of samples per bit allows for more interference averaging and hence increases the robustness to ACI.
Observation 4: Given the same bandwidth, OOK-1 is more robust to ACI than OOK-4 because the interference is averaged over more samples.
It further follows that OOK-4 requires larger GBs than OOK-1. However, it is still more spectrally efficient since it uses only 1 symbol compared to 6 symbols to transmit the same payload.

[bookmark: _Ref131796435]Figure 15: Impact of ACI, OOK-1 vs. OOK-4 (, 1 symbol).

7.5. Analog Digital Conversion (ADC)
In this section, we evaluate the impact of ADC precision on the performance. The ADC is done per complex dimension in baseband after the LPF and prior to the energy detection. The quantization is done assuming an ideal AGC, i.e. maximum dynamic range is used. 
The results are shown in Figure 16 for both OOK-1 and OOK-4. We observe that a 4 bit precision is enough to approach ideal performance. In the case of 1 bit ADC, OOK-1 performs significantly worse than OOK-4, because OOK-4 concentrates the power on a smaller number of samples (8 in this case) which allows the ADC to better distinguish the amplitudes. 
Observation 5: Given ideal AGC, an ADC with 4-bit resolution is sufficient for close to optimal performance. 

[image: ]
[bookmark: _Ref131796463]Figure 16:  Impact of ADC, comparison between OOK-1 and OOK-4.

7.6. Impact of timing offset
In this section, we evaluate the sensitivity to timing inaccuracy. Various constant timing offsets are assumed in the simulation.  
Figure 17 shows the performance of uncoded OOK-1. The performance starts to degrade significantly for timing offset of >5, about 31 samples. Uncoded OOK-1 is very sensitive due to threshold detection; the assumption is that the amplitude is constant over the detection period. This is not true anymore since the detection period can now be in between 2 bits and hence the amplitude depends on the payload.
For coded OOK-1 with Manchester code R=1/2 is more robust due to relative power detection, cf. Figure 18. However, the performance also degrades significantly for timing offsets of >10. 
Observation 6: For OOK-1, Manchester coding improves robustness to timing inaccuracies.

[image: ]
[bookmark: _Ref131796491]Figure 17: Impact of timing delay (TD), uncoded OOK-1

[image: ]
[bookmark: _Ref131796519]Figure 18: Impact of timing delay (TD), coded OOK-1.

Figure 19 compares OOK-1 to OOK-4. We observe that OOK-4 is significantly more sensitive to timing inaccuracies due to the shorter OOK symbol.
[image: ]
[bookmark: _Ref131794737]Figure 19: Impact of timing offset, OOK-1 vs OOK-4.
Observation 7: OOK-4, shorter the OOK symbols increase sensitivity to timing inaccuracies.

8. 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 an overlay code in time-domain to increase spectral efficiency of the WUS.
Proposal 3: Consider encoding information via different sequences.
Proposal 4: Consider similar WUS configuration as in LTE-M/NB-IoT.
Proposal 5: Consider the WUS to carry other message types besides wake-up message.
Observation 1: The WUS BW is a trade-off between, payload capacity, multipath diversity and filter complexity. 
Observation 2: In AWGN, decreasing the number of SCs of OOK symbols improves performance because less noise if captured.
Observation 3: OOK-2 cannot fully exploit frequency diversity because OOK symbols are confined to a subset of the WUS bandwidth.
Observation 4: Given the same bandwidth, OOK-1 is more robust to ACI than OOK-4 because the interference is averaged over more samples.
Observation 5: Given ideal AGC, an ADC with 4-bit resolution is sufficient for close to optimal performance. 
Observation 6: For OOK-1, Manchester coding improves robustness to timing inaccuracies.
Observation 7: OOK-4, shorter the OOK symbols increase sensitivity to timing inaccuracies.
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TDL-C 300ns, 2Tx1Rx, 64 SCs, 20MHz, 6 symbols, Butterworth order 3, Payload = 3 bits

OOK-1	-4	-3	-2	-1	0	1	2	3	4	5	0.17	0.129	9.1499999999999998E-2	6.2700000000000006E-2	4.1300000000000003E-2	2.5600000000000001E-2	1.52E-2	7.1999999999999998E-3	4.3E-3	2.0999999999999999E-3	OOK-2, M=2, 2 Repetitions, GB=12 SCs	-7	-6	-5	-4	-3	-2	-1	0	1	2	3	4	5	0.2077	0.1648	0.12770000000000001	9.7000000000000003E-2	7.0499999999999993E-2	4.8099999999999997E-2	3.2000000000000001E-2	2.0899999999999998E-2	1.21E-2	7.6E-3	4.7000000000000002E-3	2.7000000000000001E-3	1.8E-3	OOK-2, M=2, 2 Repetitions, 8 SCs	-7	-6	-5	-4	-3	-2	-1	0	1	2	3	4	5	0.123	9.2600000000000002E-2	6.59E-2	4.9500000000000002E-2	3.7600000000000001E-2	2.6700000000000002E-2	1.9599999999999999E-2	1.2999999999999999E-2	9.1999999999999998E-3	7.1000000000000004E-3	5.1000000000000004E-3	3.7000000000000002E-3	2.3999999999999998E-3	OOK-3, 8 segments	-4	-3	-2	-1	0	1	2	3	4	5	0.1699	0.1285	9.4399999999999998E-2	6.3899999999999998E-2	3.9800000000000002E-2	2.3199999999999998E-2	1.29E-2	7.3000000000000001E-3	OOK-4, M=8, R=3/8, 6 Repetitions	-10	-9	-8	-7	-6	-5	-4	-3	-2	-1	0	1	2	3	4	5	0.1077	7.6700000000000004E-2	5.3600000000000002E-2	3.61E-2	2.29E-2	1.46E-2	8.8999999999999999E-3	5.1000000000000004E-3	2.7000000000000001E-3	1.1999999999999999E-3	OOK-4, M=2, 2 Repetitions	-7	-6	-5	-4	-3	-2	-1	0	1	2	3	4	5	0.18410000000000001	0.1391	9.9000000000000005E-2	7.1099999999999997E-2	4.82E-2	3.0300000000000001E-2	1.78E-2	1.0500000000000001E-2	5.1000000000000004E-3	2.8E-3	1.6999999999999999E-3	8.0000000000000004E-4	5.0000000000000001E-4	SNR [dB]
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AWGN, 2Tx1Rx, 3 bits, 64 SCs, 20MHz, 6 symbols

OOK-1, No ACI	-8	-7	-6	-5	-4	-3	-2	-1	0	0.2165	0.1142	4.6800000000000001E-2	1.35E-2	1.8E-3	1E-4	OOK-1, ACI 10dB, GBS0	-8	-7	-6	-5	-4	-3	-2	-1	0	0.25430000000000003	0.1585	8.2699999999999996E-2	3.4099999999999998E-2	1.01E-2	2.8E-3	2.9999999999999997E-4	OOK-4, no ACI	-8	-7	-6	-5	-4	-3	-2	-1	0	0.17080000000000001	8.9099999999999999E-2	3.5299999999999998E-2	9.4999999999999998E-3	1.6000000000000001E-3	1E-4	OOK-4, ACI 10dB, GBS0	-8	-7	-6	-5	-4	-3	-2	-1	0	0.2356	0.15340000000000001	9.3100000000000002E-2	4.99E-2	2.47E-2	1.2200000000000001E-2	5.5999999999999999E-3	2.7000000000000001E-3	1.6000000000000001E-3	OOK-4, ACI 10dB, GBS4	-8	-7	-6	-5	-4	-3	-2	-1	0	0.19989999999999999	0.11360000000000001	5.4600000000000003E-2	2.01E-2	5.4999999999999997E-3	6.9999999999999999E-4	1E-4	SNR [dB]
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