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Introduction
In this paper, we consider the design of multiple PDCCH-based wake-up signals that allow for low-powered wake-up receivers. To assess the detection and false-alarm performance of the PDCCH-based wake-up signals, we first present correlation results of these signals which indicate potential detection and false-alarm performance. Furthermore, we present detection and false-alarm results of such signals, where we compare the performance to sequence based wake-up signals.
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A PDCCH-based wake-up signal would entail the use of the existing PDCCH transmitter structure for generation of the wake-up signal. An example PDCCH-based wake-up signal generation process is shown in Figure 1. It uses the same functional blocks as would be used for the generation of a regular PDCCH signal/channel.  The time/frequency mapping block maps the QPSK symbols to the time-frequency grid depending upon the set aggregation level and the set number of coreset symbols for the wake-up signal. The time-frequency mapping also includes the mapping of the DMRS reference symbols to every fourth subcarrier of the PDCCH wake-up signal. 

Figure 1: PDCCH-based Wake-Up Signal Generation.
Uniqueness of the WUS
A WUS design would require the generation of multiple wake-up signals, each designed to wake-up a dedicated UE or to wake-up dedicated groups of UE.  We discuss two such design options
RNTI-Based Uniqueness
Using the existing PDCCH transmission structure shown in Figure 1, multiple-wake signals can be emulated by the fact that the CRC part of the DCI bits are scrambled by the C-RNTI. At the UE side, during the PDCCH blind decoding, depending upon whether the CRC checks or not the UE chooses to wake-up or continue to be in a sleep state.  With such a design, the detection and false-alarm performance can then be inferred from the PDCCH BLER performance.  The nicety of such a design is the reusability of the existing Rel-15 PDCCH transmit and receive processing blocks.
The drawback, however, with this approach is the blind decoding operation that the UE needs to perform. Such an operation would involve, receiving the signal, an FFT operation, performing channel estimation, channel equalization, and finally the exhaustive polar-decoding operation. To enable a simple wake-up receiver with low power consumption, an C-RNTI based wake-up mechanism may not necessarily yield power savings for the UE. 
A PDCCH-based wake-up signal that uses the C-RNTI to distinguish between multiple wake-up signals allows reuse of Rel-15 PDCCH transmit and receive processing blocks. However, a conventional PDCCH decoder may lead to higher power consumption for the UE

DCI-Based Uniqueness
To facilitate the design of low-powered linear wake-up receivers, we now present one design option for the generation of multiple PDCCH-based wake-up signals.  The main idea here is to use different DCI payload bits for the generation of different wake-up signals. The principle is shown in Figure 2.  
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Figure 2: Generation of Different Wake-Up Signals Based on Different DCI bits. 
As show in Figure 2, each UE gets its own DCI bit sequence which is then polar encoded, symbol mapped to the QPSK constellation, mapped to the time-frequency grid depending upon the coreset configuration and set aggregation level for wake-up signaling. The DMRS reference symbols are mapped to every fourth subcarrier of the signal, where for evaluation the sequence initialization is based on the users C-RNTI. This process results in a wake-up signal dedicated for a UE. In Figure 2, we have  UEs, each with their own dedicated DCI bit sequence. 
For wake-up signal detection, the UEs can use simple linear correlators, whereby the correlation is done between the received time-domain signal and the dedicated wake-up signal which is known to the UE. Such a scheme, thus, facilitates the design of low-powered wake-up receivers and alleviates the need of using the regular PDCCH receive processing blocks. 
The uniqueness of these wake-up signals is, thus, dependent upon the level of cross-correlation between these time-domain wake-up signals. This will also affect the detection and false-alarm performance of the correlators used for the detection of these wake-up signals. In the following section, we present some numerical results assessing the cross-correlation properties of these signals. We also present detection and false alarm performance of such signals. 
UE-specific wake-up signals can be obtained through UE-specific DCI bits. Such an approach facilitates linear correlators that can be used for wake-up signal detection.
The detection and false-alarm performance of correlators used for detection of ‘DCI based’ wake-up signals depends on the level of cross-correlation between these wake-up signals. 
Correlation Characteristics of DCI-Based WUS and Sequence-Based WUS
In this section, we present empirical results on the correlation characteristics of the DCI-based wake-up signals and compare them with sequence-based wake-up signals.  Multiple PDCCH wake-up signals are generated as shown in Figure 2, and the cross correlation of these signals is empirically calculated.  We consider 20 MHz bandwidth with 15 kHz numerology. The PDCCH coreset bandwidth is also set to 20 MHz with a one symbol coreset and coreset type is of the non-interleaved type. The number of DCI bits is set to 30.  For sequence-based wake-up signals, we consider sequences derived from length 31 Gold sequences as specified [1]. Multiple sequence-based wake-up signals are generated by changing the sequence initializer which is based on the users C-RNTI. Figure 3 shows the cross correlation of the sequence-based and DCI-based wake-up signals before channel filtering. It shows the correlation for different aggregation levels of the DCI-based wake-up signals. The computed correlation coefficient has a maximum and minimum value of one and zero, respectively. From Figure 3, we see that, for all aggregation levels, the correlation coefficient is small between the DCI-based wake-up signals that correspond to different DCI bit sequences.  Sequence-based wake-up signals also show good cross-correlation characteristics as expected. We also note that the correlation is smaller for higher aggregation levels compared to lower aggregation levels. This results mainly because of the averaging effect. Lower aggregation levels correspond to lower number of subcarriers. Thus, the correlation between different wake-up signals with such aggregation levels will be averaged over this lower number of subcarriers compared to wake-up signals with higher aggregation levels, where the averaging would be over larger number of subcarriers. 
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Figure 3: Cross Correlation of Wake-up Signals Before Channel Filtering.

In Figure 4, we plot the cross correlation of a wake-up signal dedicated to one UE and a channel filtered wake-up signal dedicated to another UE. Figure 4 shows results for a TDL-A channel model with a delay spread of 300e-9 seconds and a UE speed of 3 kilometers per hour. The correlation is also shown for different aggregation levels of the wake-up signals. As can be seen from the figures, the correlation coefficient is low for all ranges of SNR. These results would indicate that the false-alarm performance of the linear detector would be good.  As can be seen from the figure, the cross-correlation performance is similar for sequence-based and DCI-based wake-up signals. 

[image: ]Figure 4: Cross-Correlation between wake-up signal of one UE with a TDL-A channel filtered wake-up signal dedicated for another UE.  
In Figure 5, we plot the cross correlation between a wake-up signal and its channel filtered version.  Figure 5 shows results for a TDL-A channel model with a delay spread of 300e-9 seconds and a UE speed of 3 kilometers per hour. These results would indicate the potential detection or missed detection performance of a linear correlator.  As seen from the figures, correlation increases with SNR, while for low SNRs we have lower correlation. When seen together with Figure 4, we can expect that the detection performance would be good even at low SNRs.  

Another observation from Figure 5 is that the correlation is higher for wake-up signals with larger aggregation levels.  This again is due to the averaging effect. Lower aggregation levels correspond to lower number of subcarriers. Thus, the correlation between different wake-up signals with such aggregation levels will be averaged over this lower number of subcarriers compared to wake-up signals with higher aggregation levels, where the averaging would be over larger number of subcarriers.  Thus, the receiver noise for low aggregation levels is averaged over few number of subcarriers compared to larger aggregation levels, where the averaging is over larger number of subcarriers.   
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Figure 5: Correlation between a wake-up signal and its TDL-A channel filtered version.

Multiple wake-up signals each associated with their own DCI bit sequence have low cross-correlation. 
At low SNRs, the cross-correlation is low between a wake-up signal of one UE with a dedicated DCI bit sequence and a channel filtered wake-up signal of another UE with its own dedicated DCI bit sequence.
At low SNRs, the correlation between a wake-up signal and its channel filtered version is high enough for reliable detection. 
Wake-up signals with larger aggregation levels have better correlation properties compared to signals with smaller aggregation levels.  
Detection and False-Alarm Performance of PDCCH-WUS
In this section, we present some numerical results on the probability of detection and false alarm of the DCI-based wake-up signals and compare them with sequence-based wake-up signals. Multiple DCI-based wake-up signals are generated as shown in Figure 2. Multiple sequence-based wake-up signals are generated by changing the sequence initializer which is based on the users C-RNTI. The system parameters are the same as in Section 3 which is 20 MHz bandwidth with 15 kHz numerology, PDCCH coreset bandwidth is set to 20 MHz with a one symbol coreset and coreset type is of the non-interleaved type. The number of DCI bits is set to 30.  The correlation characteristics of the DCI-based and sequence-based wake-up signals will determine the detection and false-alarm performance of the correlators. From the previous section, we see good correlation characteristics of the wake-up signals and, thus, we can expect good detection and false-alarm performance. 
Figures 6 and 7 show the curves of probability of detection versus probability of false-alarm at -4 dB and 10 dB SNR, respectively. The channel is of type TDL-A, with a delay spread of 300e-9 second and a UE speed of 3 kilometers per hour. As seen from the figures, the detection and false-alarm performance improves with higher SNRs. It is also seen that higher bandwidths/aggregation levels provide better detection and false-alarm performance compared to lower aggregation levels.  
Based on these results, we now make the following observations:
DCI-based and sequence-based wake-up signals show similar detection and false-alarm performance. 
At low SNRs, high probability of detection and low probability of false-alarm can be achieved for PDCCH-based wake-up signals. 
Larger aggregation levels have better detection and false-alarm performance compared to smaller aggregation levels. 
The detection and false-alarm results along with the cross-correlation results of section 3 show that PDCCH-based wake-up signals are good alternatives and should be considered by RAN1 for more extensive studies.  We, thus, propose the following:
C-RNTI-based identification of PDCCH wake-up signals can be considered. This would imply reuse of Rel-15 PDCCH transmit and receive processing blocks. However, the complexity of the receiver in the decoding step must be assessed before its adoption.  
Consider the design of PDCCH-based wake-up signals based on UE specific DCI bits. Each wake-up signal is generated with dedicated DCI-bits for each UE. Such a design would facilitate the design of low-powered wake-up receivers. 
Multiple wake-up signals based on dedicated DCI bits show good cross-correlation properties and good detection and false alarm performance. Further investigations of the performance of these signals under different channel types and conditions should be studied. 
From the perspective of facilitating low-powered wake-up receivers, designing wake-up signals that occupy smaller bandwidths is more beneficial compared to wide-band wake-up signals. On the other hand, for PDCCH wake-up signals with dedicated DCI bits, larger aggregation levels provide better detection and false-alarm performance compared to lower-aggregation levels.  
Assess the trade-off between higher-bandwidth of the wake-up signals and detection/false-alarm performance of the wake-up signals based on dedicated DCI bits. Initial results indicate, larger aggregation levels provide better detection/false alarm performance compared to smaller aggregation levels. 

[image: ]
Figure 6: Detection and false-alarm performance. The SNR is set to -4 dB and channel model is of TDL-A type with a delay spread of 300e-9 seconds and a UE speed of 3 kilometers per hour.

[bookmark: _GoBack][image: ]
Figure 7: Detection and false-alarm performance. The SNR is set to 10 dB and channel model is of TDL-A type with a delay spread of 300e-9 seconds and a UE speed of 3 kilometers per hour. 
Conclusion
In section 2, the following observations were made: 
1. A PDCCH-based wake-up signal that uses the C-RNTI to distinguish between multiple wake-up signals allows reuse of Rel-15 PDCCH transmit and receive processing blocks. However, a conventional PDCCH decoder may lead to higher power consumption for the UE
UE-specific wake-up signals can be obtained through UE-specific DCI bits. Such an approach facilitates linear correlators that can be used for wake-up signal detection.
The detection and false-alarm performance of correlators used for detection of ‘DCI based’ wake-up signals depends on the level of cross-correlation between these wake-up signals. 

In section 3, the following observations were made: 
Multiple wake-up signals each associated with their own DCI bit sequence have low cross-correlation. 
At low SNRs, the cross-correlation is low between a wake-up signal of one UE with a dedicated DCI bit sequence and a channel filtered wake-up signal of another UE with its own dedicated DCI bit sequence.
At low SNRs, the correlation between a wake-up signal and its channel filtered version is high enough for reliable detection. 
Wake-up signals with larger aggregation levels have better correlation properties compared to signals with smaller aggregation levels.  
In section 4, the following observations and proposals were made:
DCI-based and sequence-based wake-up signals show similar detection and false-alarm performance. 
At low SNRs, high probability of detection and low probability of false-alarm can be achieved for PDCCH-based wake-up signals. 
Larger aggregation levels have better detection and false-alarm performance compared to smaller aggregation levels. 

1. RNTI-based identification of PDCCH wake-up signals can be considered. This would imply reuse of Rel-15 PDCCH transmit and receive processing blocks. However, the complexity of the receiver in the decoding step must be assessed before its adoption.  
1. Consider the design of PDCCH-based wake-up signals based on UE specific DCI bits. Each wake-up signal is generated with dedicated DCI-bits for each UE. Such a design would facilitate the design of low-powered wake-up receivers.
1. Multiple wake-up signals based on dedicated DCI bits show good cross-correlation properties and good detection and false alarm performance. Further investigations of the performance of these signals under different channel types and conditions should be studied. 
1. Assess the trade-off between higher-bandwidth of the wake-up signals and detection/false-alarm performance of the wake-up signals based on dedicated DCI bits. Initial results indicate, larger aggregation levels provide better detection/false alarm performance compared to smaller aggregation levels. 
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