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Introduction
In this paper, we consider the design of a new wake-up signal based on on-off keying that uses the existing signal structure in 3GPP Rel-15 [1].  We show how an on-off keying signal can be constructed using the NR OFDM signal structure and discuss the side-effect that this causes which is leakage to adjacent band of subcarriers. We show that this leakage can be effectively controlled. Finally, we present some initial results on detection and false-alarm performance for envelope-based detection of these signals. 
On-Off Keying Based Wakeup Signal Design 
An on-off keying (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. Figure 1 shows an example of an OOK signal of length 2048 samples. The on and off periods are of length 200 samples and, thus, effectively 10 bits of information can be represented for the chosen duration of the on and off periods. 
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Figure 1: An OOK signal of length 2048 samples with a on and off period of 200 samples. Thus, the total number of bits that can be represented in this length of 2048 samples is about 10 bits.  

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 used as a power saving wake-up signal. In the following section, we discuss how the OOK sequence can be generated using the 3GPP Rel-15 NR signal structure of OFDM. 
OOK Signal Generation for NR
To facilitate re-use of the existing NR signal structure, we would like to generate an OOK signal using a subset/band of freely available 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. An illustration of such a scheme is shown in Figure 2. 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. The purpose of the filter shown in Figure 2 will be explained in the following paragraph. 

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

 In Figure 3, we show an OOK sequence corresponding to 1 OFDM symbol. The on and off periods are of length 24 samples which implies a representation of about 85 bits of information in 1 OFDM symbol. To generate the NR OOK signal, this sequence is then multiplied in the time-domain with an OFDM signal that comprises of subcarriers in a free 1 MHz band. The subcarriers in the free 1 MHz band are modulated with random QPSK symbols. The resulting signal envelope is shown by the blue colored curve in Figure 2.  
From the figure, we see that information related to the on and off periods is still preserved. Although the on periods have varying amplitude, the total energy is non-zero while the off-periods have zero amplitude. Thus, a UE receiver, using an envelope detector, can determine the on and off periods and, thereby, estimate the OOK sequence. 
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Figure 3: NR OOK signal envelope of 1 OFDM duration. The signal is obtained by multiplying (in time-domain) the OOK sequence with the 1MHz band of free subcarriers. The subcarriers are modulated with QPSK symbols. The sampling rate is 30 MHz with 15 kHz numerology. The On and Off periods are of length 24 samples. 

The drawback with the above design is that the multiplication of the OOK sequence with the OFDM signal causes loss of orthogonality between the subcarriers, thereby, causing interference to subcarriers outside the band of subcarriers allocated for the WUS signal. This is shown in Figure 3. As seen in the figure, the multiplication process causes leakage to neighboring subcarriers because of the loss of orthogonality. For this example, the amount of leakage power in comparison to the power in the 1MHz WUS bandwidth is about -6.4 dB which is quite high.  Thus, to make this a viable signal the leakage must be reduced. This reduction of the leakage is handled by the filter block in Figure 2.
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Figure 4: Frequency plot of the NR OOK signal of Figure 2. The WUS bandwidth is 1MHz which is from subcarrier indices 686 and 752 in the above figure. 

This leakage, fortunately, can be controlled and optimized at the expense of approximation accuracy of the NR OOK signal envelope. One such way, among many, for example, is filtering the resulting signal such that the leakage is kept below a desired value. We note to the reader here that there are many ways to implement the filter block in Figure 2. Figures 4 and 5 show, respectively, the frequency plot of the NR OOK signal and the time-domain plot of the NR OOK signal envelope designed to lower the leakage below a certain value.  In Figure 4, for the same OOK sequence, we show NR OOK signals designed such that the leakage power is below a certain value. In one case, shown by the red curve, the leakage power to the WUS in-band power is around -21 dB while in the second case, shown by the yellow curve, the leakage power to the WUS in-band power is -40 dB. We see lower leakage for these signals in comparison to the case where the leakage power is not minimized as shown by the blue colored curve.
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Figure 5: Frequency plot of NR OOK signals designed with and without minimizing the leakage power. The WUS bandwidth is 1MHz which is from subcarrier indices 686 and 752 as in Figure 3. 

In Figure 5, we show the envelope of the signals corresponding to the frequency plots shown in Figure 4. As can be seen from the figure, the NR OOK signals designed to minimize leakage, shown by the red and yellow curves, closely approximates the blue colored NR OOK signal, where leakage was not minimized. The trade-off here, as can be seen from the figure, is approximation accuracy of the resulting signal envelope. For example, during the off-periods, we can see non-zero values for the NR OOK signals where the leakage power was minimized. 

[image: ]
Figure 6: Signal envelope of NR OOK signals designed with and without minimizing the leakage power. The WUS bandwidth is 1MHz which is from subcarrier indices 686 and 752 as in Figure 4. 

Benefits of On-Off Keying 
OOK is commonly used for WUR and is, for e.g., the modulation selected for IEEE 802.11ba. It allows for a very simple and power efficient receiver implementation based on an envelope detector with very relaxed receiver requirements on, for e.g., frequency generation. 
OOK based WURs can be applied to wake up a device for which a major part of the power is not consumed when the device is transmitting or receiving data, but rather when the device is listening to determine whether there might be a transmission for which it is the intended receiver. In such a situation, the power consumption of the WUR will determine the life-time of the battery and, thus, an optimized WUS allowing for an ultra-low power WUR may be needed. 
Detection and False-Alarm Performance
In this section, we present some detection and false-alarm performance of the NR OOK WUS. The system parameters are as follows: We consider 20 MHz bandwidth of 15 kHz numerology with a sampling rate of 30.720 MHz. The WUS signal occupies one OFDM symbol in duration. The channel is Rayleigh faded of type TDL-C with a user speed of 3 kilometres per hour. The OOK sequence is of 64 bits, where the bit duration is set to 32 samples, i.e., 64 bits of information is represented in 1 OFDM symbol. 
The receiver structure and the detection of the WUS signal is shown in Figure 7. We note here that the purpose of Figure 7 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 7: Receiver functionality for detecting the OOK WUS.
In Figure 7, a wake-up receiver would filter out the WUS signal from the wide-band received signal. An envelope detector then extracts the WUS signal envelope which is then passed through a low-pass filter, for example a moving average filter, to accumulate the energy in the On and Off periods. The resulting signal is then correlated against the known WUS envelope and compared against a set threshold.  The known WUS envelope can be generated by knowledge of the OOK sequence and band of subcarriers allocated for the WUS. 
Figure 8 shows the detection and false-alarm performance, at 4 dB SNR, of the NR OOK WUS both with and without optimization of the leakage power. The delay spread in this case is 100nsec. We see decent detection performance for the NR OOK WUS for practical ranges of the false-alarm rate. Increasing the WUS bandwidth will provide better detection performance against the fading channel which is shown in Figures 9 and 10, where the WUS bandwidth is set to 4 MHz and 8 MHz, respectively. 
Finally, in Figure 11, we show the detection and false-alarm performance at 20 dB SNR for a WUS bandwidth of 2 MHz. At such high SNR values, we can expect to see good detection and false-alarm performance which is also evident from the figure. 
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Figure 8: Probability of detection versus probability of false alarm for envelope-based detection of NR OOK WUS. The SNR is 4 dB with a delay spread of 100nsec. The WUS bandwidth is 2MHz in a total of 20 MHz and the remaining 18 MHz is filled with data subcarriers. 
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Figure 9: Probability of detection versus probability of false alarm. The parameters are same as in Figure 8 (4 dB SNR) with the only difference being the WUS bandwidth which in this figure is set to 4 MHz. 

[image: ]
Figure 10: Probability of detection versus probability of false alarm. The parameters are same as in Figure 8 (4 dB SNR) with the only difference being the WUS bandwidth which in this figure is set to 8 MHz.  

[image: ]
Figure 11: Probability of detection versus probability of false alarm for envelope-based detection of NR OOK WUS. The SNR is 20 dB with a delay spread of 100nsec. The WUS bandwidth is 2MHz in a total of 20 MHz and the remaining 18 MHz is filled with data subcarriers. 


Conclusion
Based on the discussions in all the sections of this paper, we make following observations and proposals: 
Proposal 1  WUS designs that allow the usage of simple receivers (e.g., based on envelope detector) can be considered for future use cases.
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