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1	Introduction
In [2], we presented a wake-up signal (WUS) design based on on-off keying (OOK) that uses the existing 3GPP Rel-15 OFDM signal structure [1]. In this paper, we present updated results on the detection and false-alarm performance of the proposed WUS OOK signal based on the agreed link-level evaluation assumptions in [3]. 
2	Overview of WUS OOK Signal Design
An OOK signal is characterized by an on period of the signal, where the signal is present and an off period where the signal is absent. This effectively implies that the signal has a non-zero amplitude during the on-periods and zero-amplitude during the off-periods. An NR-based OOK signal would, thus, comprise of an OFDM signal that will have non-zero amplitude during the on-periods and zero amplitude during the off-period. Figure 1 shows an example of an OFDM signal modulated with an OOK sequence. The OFDM signal bandwidth, in this example, is 32 MHz in a total bandwidth of 100 MHz, where the subcarrier spacing is 30 kHz.  The on and off periods of the OOK-sequence are of length 128 samples and, thus, effectively 32 bits of information can be represented for the chosen duration of the on and off periods.  Thus, depending upon the chosen design of the OOK signal length and the durations of the on and off periods, multiple user-equipment (UE) devices can be assigned unique OOK sequences which can be transmitted by modulating a free-band of OFDM subcarriers. The resulting signal can be used as a wake-up signal which the UE tries to detect if present. 
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Figure 1: An OFDM-based OOK signal, where the symbol length is equal to 4096 samples and 30 kHz subcarrier spacing. The signal bandwidth is 32 MHz in a total bandwidth of 100 MHz. The on and off periods are of 128 samples in length. 

Figure 2 shows the generation of the WUS OOK signal.  We would like to generate an OOK signal using a subset/band of freely available OFDM subcarriers. Such a design facilitates network scheduling flexibility. Given a band of freely available subcarriers and given an OOK sequence, an NR OOK signal can be generated by modulation of the free-band of subcarriers with the given OOK sequence. The free-band of subcarrier can comprise of random data drawn from some constellation like QPSK. The remaining band of subcarriers can be allocated to other users as usual. Here, we point to the reader that the WUS signal generation shown in Figure 2 is just one example of how an NR-based OOK WUS signal can be generated. For example, two IFFT operations would not be needed and one can implement the operation using just one IFFT operation. The purpose of showing Figure 2 is mainly to illustrate the concept. 

[image: ]
Figure 2: Illustration of WUS signal generation and multiplexing with data subcarriers.

Figure 3 shows the spectrum of the WUS signal generated using the functional blocks of Figure 2 which is shown by the red colored curve. The figure also shows how the WUS band of subcarriers are multiplexed with the data band which collectively refers to the band of subcarriers allocated to other users. From the figure, we see the leakage or interference caused by the WUS band of subcarriers to the neighboring data band. This results because of the process of modulating the WUS band of subcarriers with the OOK sequence, as shown in Figure 2. The multiplication process destroys the orthogonality between subcarriers which results in leakage of power to the neighboring bands as seen in Figure 2. To reduce this leakage a filter block is required as shown in Figure 2. The effect of the filter block is also shown in Figure 3, where the blue colored curve represents the filtered WUS signal. A judicious choice of filter will help achieve the desired suppression of leakage to the neighboring band of subcarriers. 

   [image: ]
Figure 3: WUS signal spectrum with and without the filter block of Figure 2. WUS bandwidth is 32 MHz in a total bandwidth of 100 MHz. The data band in the above figure refers to the band of subcarriers allocated for data to other users in the system. 

Figure 4, shows the time-domain WUS signal after applying the filter block of Figure 2. This is shown by the blue colored curve. As seen from the figure, the trade-off in reducing the leakage is the approximation accuracy of the OOK envelope. This is especially evident during the off-periods, where we start to see small non-zero amplitude levels. From a detection point of view, if the on-periods have a larger amount of energy compared to the off-periods then small non-zero amplitude values in the off-periods can be tolerated and will not have much impact on the performance. 

  [image: ]
Figure 4: Time Domain WUS OOK signal with and without the filter block of Figure 2.  The signal is of one OFDM symbol length 4096 samples with 30 kHz subcarrier spacing. WUS bandwidth is 32 MHz in a total bandwidth of 100 MHz. 
3		Detection and False-Alarm Performance
In this section, we present some detection and false-alarm performance of the NR OOK WUS based on the agreed evaluation parameters in [3] which are as follows: System bandwidth is 100 MHz bandwidth, OFDM numerology is 30 kHz with a sampling rate set to 122.8 MHz. The channel is Rayleigh faded of type TDL-C with a user speed of 3 kilometres per hour. The channel delay spread is set to 100e-9 in the results below. The receiver structure and the detection of the WUS signal is shown in Figure 5. We note here that the purpose of Figure 5 is mainly to illustrate the basic functional blocks required in assessing the WUS detection and false-alarm performance. We do not discuss here the receiver implementation and the power consumption benefits of a low-powered wake-up receiver.  
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Figure 5: Receiver functionality for detecting the OOK WUS.

3.1	Performance with number of WUS symbols set to one OFDM symbol
In this section, we showcase results when the WUS occupies 1 OFDM symbol length. Figure 6 to Figure 8 show the probability of missed detection (PMD) versus the probability of false-alarm (PFA) for different On/Off periods of the OOK signal, respectively. The WUS bandwidth in Figures 6 to 8 is set to 32 MHz. In Figure 6, the On/Off period is of length 64 samples and considering the OFDM symbol length of 4096 samples, the number of bits that can be represented in 1 OFDM symbol is equal to 64. Similarly, in Figure 7 and 8, the On and Off periods are of length 32 and 16 samples, respectively. Thus, the number of bits that can be represented in 1 OFDM symbol duration are 128 and 256 bits, respectively. As seen from the figures, we get good detection and false-alarm performance at high SNRs. More importantly, the performance improves as the length of the On and Off periods reduces. This is expected since a higher length bit sequence will be more uncorrelated compared to a lower length bit sequence. 
Observation 1 At high SNRS and high bandwidths, WUS OOK signals exhibit good detection and false-alarm performance.
Observation 2 For a given WUS symbol duration, WUS signals with smaller On/Off periods provide better detection and false-alarm performance
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Figure 6: Probability of missed detection (PMD) vs probability of false-alarm (PFA). On and Off duration of the OOK signal is equal to 64 samples with OFDM symbol length equal to 4096 samples. WUS Bandwidth equal to 32 MHz and number of WUS symbols equal to 1. Thus, the OOK sequence is a 64-bit length sequence.
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Figure 7 PMD vs PFA. Parameters are the same as in Figure 6, except that the On and Off duration of the OOK signal is equal to 32 samples. Thus, the OOK sequence is a 128-bit length sequence.
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Figure 8: PMD vs PFA. Parameters are the same as in Figure 6, except that the On and Off duration of the OOK signal is equal to 16 samples. Thus, the OOK sequence is a 256-bit length sequence.
3.2	Performance with number of WUS symbols set to two, three and six OFDM symbols
In this section, we showcase results when the WUS signal occupies more than one OFDM symbol. These are shown in figures 9 to 11 for two OFDM symbols, figures 12 to 14 for three OFDM symbols and, finally, figures 15 to 17 show results for 6 OFDM symbols. 
For a given duration of On/Off periods of the OOK signal, increasing the OFDM symbols effectively increases the number of bits represented in the total number of OFDM symbols. For example, in Figure 9, we have an On/Off period of 64 samples and with 2 OFDM symbols allocated for the WUS, the total number of bits that can represented is 128. For the same On/Off period, we can expect the performance to be superior compared to the 1 OFDM symbol case of Figure 6. This is indeed the case and can be seen by comparing Figure 6 and Figure 9. Better performance is achieved when the number of OFDM symbols is further increased to three as seen in Figures 12 to 14. This result is because higher number of OFDM symbols results in a longer bit sequence which will have better correlation properties compared to shorter length bit sequences. Finally, in figures 15 to 17, we show results when the WUS occupies 6 OFDM symbols, however, for different choices of bandwidth and On/Off period lengths. 

Observation 3 Increasing the number of symbols for the WUS improves the detection and false-alarm performance.
Observation 4 Overall, we see good detection and false-alarm performance of OOK signaling using OFDM. Given the fact that OOK signal detection allows for the design of low-powered receivers. This fact along with the presented detection and false-alarm results shows the potential of OOK signaling using OFDM as a good choice for WUS.  The performance will be better with a good choice of OOK sequence that has good correlation properties. 
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Figure 9: PMD vs PFA. On and Off duration of the OOK signal is equal to 64 samples with OFDM symbol length equal to 4096 samples. WUS Bandwidth equal to 32 MHz and number of WUS symbols equal to 2. Thus, the OOK sequence is a 128-bit length sequence.
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Figure 10: PMD vs PFA. Parameters same as in Figure 9, except that the On and Off duration of the OOK signal is equal to 32 samples. Thus, the OOK sequence is a 256-bit length sequence.
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Figure 11: PMD vs PFA. Parameters same as in Figure 9, except that the On and Off duration of the OOK signal is equal to 16 samples. Thus, the OOK sequence is a 512-bit length sequence.
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Figure 12: PMD vs PFA. On and Off duration of the OOK signal is equal to 64 samples with OFDM symbol length equal to 4096 samples. WUS Bandwidth equal to 32 MHz and number of WUS symbols equal to 3. Thus, the OOK sequence is a 192-bit length sequence.
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Figure 13: PMD vs PFA. Parameters same as in Figure 12, except that the On and Off duration of the OOK signal is equal to 32 samples. Thus, the OOK sequence is a 384-bit length sequence.
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Figure 14: PMD vs PFA. Parameters same as in Figure 12, except that the On and Off duration of the OOK signal is equal to 16 samples. Thus, the OOK sequence is a 768-bit length sequence.
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Figure 15: PMD vs PFA. On and Off duration of the OOK signal is equal to 64 samples with OFDM symbol length equal to 4096 samples. WUS Bandwidth equal to 8 MHz and number of WUS symbols equal to 6. Thus, the OOK sequence is a 384-bit length sequence.
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Figure 16: PMD vs PFA. Parameters same as in Figure 15, except that the On and Off duration of the OOK signal is equal to 128 samples and the WUS Bandwidth is equal to 4 MHz. Thus, the OOK sequence is a 192-bit length sequence.

4	Conclusion
Based on the discussions in all the sections of this paper, we make following observations and proposals: 
Observation 1 At high SNRS and high bandwidths, WUS OOK signals exhibit good detection and false-alarm performance.
Observation 2 For a given WUS symbol duration, WUS signals with smaller On/Off periods provide better detection and false-alarm performance. 
Observation 3 Increasing the number of symbols for the WUS improves the detection and false-alarm performance.
Observation 4 Overall, we see good detection and false-alarm performance of OOK signaling using OFDM. Given the fact that OOK signal detection allows for the design of low-powered receivers. This fact along with the presented detection and false-alarm results shows the potential of OOK signaling using OFDM as a good choice for WUS.  The performance will be better with a good choice of OOK sequence that has good correlation properties. 
[bookmark: _GoBack]
Proposal 1  WUS designs that allow the usage of simple receivers (e.g., based on envelope detector) can be considered.
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