[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: _Ref452454252]3GPP TSG-RAN WG4 Meeting #106bis-e 	R4-2304035
Electronic Meeting, April 17 – 26, 2023

Source:	Nokia, Nokia Shanghai Bell
Title:	Evaluation of wake-up signal designs 
Agenda item:	5.21.3	
Document for:	Discussion and Approval

[bookmark: _Toc116995841]Introduction
In this document, we provide our initial views on design considerations for the on-off keying (OOK) DFT spread OFDM based wake-up signal. 

[bookmark: _Toc116995842]Signal Designs
DFT spread OOK transmission (DFT-s-OOK)
The DFT spread OOK signal involves DFT spreading using  point DFT before the final  point IFFT. Since multiple OOK signal can be transmitted in an OFDM symbol depending on the LP-WUS BW, it utilizes the available spectrum efficiently, i.e., transmitting more bits in an OFDM symbol. On the contrary, the detection performance suffers from ISI in a rich scattering environment. Further, since the OOK signal lies within OFDM symbol, cyclic prefix can alter the synchronization across OFDM symbol.
In the following discussion, we illustrate the signal generation of DFT-s-OOK briefly and highlight some of the concerns. To ensure robustness in the OOK detection, Manchester encoding (MC) is the preferred approach, which is also used in 802.11ba. In Figure 1, we have analyzed the behavior of DFT-s-OOK transmitting 10 bits in an OFDM symbol. The bits are repeated 12 times and MC encoded before performing the DFT operation. Guard carrier of 12 tones is used in either side of LP-WUS transmission. The bit 0 is transmitted as , similarly, bit 1 is transmitted as , thereby ensuring transition within each bit. In Figure 1, two OFDM symbols are used for reference with CP included. The effect of CP needs to be studied as it alters the LP-WUS transition between the boundaries of OFDM symbol.
The LP-WUS transmission shown in Figure 1 uses 4MHz BW within 10MHz BW. These numbers are taken just for the ease of simulation. The repeated samples are not windowed or filtered, thereby, it shows Gibb’s phenomenon in the transmitted time-domain waveform. In the receiver, 4MHz filtering with 7 tap Butterworth LPF is used after frequency translation, which is followed by down sampling by a factor of 4. The resulting time domain waveforms are demonstrated in Figure 1c and Figure 1d. The effect of fading channel is minimal when repetition factor is 12. Note that the effect of CP in the DFT-s-OFDM OOK waveform as highlighted in Figure 1.
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[bookmark: _Ref126595381][bookmark: _Ref118283633][bookmark: _Ref126595457]Figure 1 Manchester encoded DFT-s-OFDM over 2 symbols 10bits/symbol @15KHz SCS in 10MHz BW
In contrast to Figure 1, Figure 2 demonstrates the same scenario but with increased data rate, i.e., transmitting 20 bits in an OFDM symbol using MC encoding. To achieve that, the repetition factor is reduced from 12 to 6, to fit the LP-WUS transmission within 4MHz BW. As can be seen from Figure 2, the transitions within each bit are now shorter and the adjacent MC encoded bits are placed close to each other. Thus, the comparator, which is used to determine ON/OFF from the received waveform in time-domain, may have performance issues. In Figure 2d, the down sampled time domain waveform experiences smearing of symbols due to multi-path channel. As the data rate within an OFDM symbol increases by reducing the repetition factor for each bit, ISI dominates the reception, thereby rendering LP-WUS transmission less beneficial.
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[bookmark: _Ref126595783]Figure 2 Manchester encoded DFT-s-OFDM over 2 symbols 20bits/symbol @15KHz SCS in 10MHz BW
Further, the effect of ringing in the transmitted symbols can be minimized by applying suitable filter/windowing for the repeated bits prior to DFT operation. It will avoid ISI and limits the bandwidth leakage. Thus, the number of bits within an OFDM symbol for a given BW provides a trade-off between the performance and the utilization of network resources for LP-WUS transmission.
Observations
Based on the above discussion, following observations and proposals are made. 
The LP-WUS modulation scheme selected should be easy to generate using the existing gNB architecture. OOK modulation schemes can be used via DFT spreading. 
The LP-WUS modulation scheme selected should be resource efficient and should ensure efficient multiplexing with other NR signals. Compared to standard OFDMA, OOK is not resource efficient. However, it can be multiplexed with other NR signals. 
The CP inclusion in the time domain waveform for every transmitted OFDM symbol has an impact on the LR reception. 
OOK will suffer from ISI in a multi-path channel.
gNB should consider the impact of CP while designing the LP-WUS signal. 
Evaluate if LR must discard padding symbols inserted by the gNB to overcome the CP impact. 
Although, an OFDM receiver is more complex than a receiver for OOK, given the benefits of OFDM modulation over OOK in fading channel, network throughput, and efficiency, it still should be considered as a viable candidate for the study.
OFDM based LR should be included in the studies. 
Effect of LP-WUS signal on the network throughput and efficiency should be studied.
Conclusion
In this contribution we have provided our initial views on the modulation schemes wake-up signal. On-off keying (OOK) modulation is being considered for evaluation.  We have the following observations and proposals:
1. The LP-WUS modulation scheme selected should be easy to generate using the existing gNB architecture. OOK modulation schemes can be used via DFT spreading.
1. The LP-WUS modulation scheme selected should be resource efficient and should ensure efficient multiplexing with other NR signals. Compared to standard OFDMA, OOK is not resource efficient. However, it can be multiplexed with other NR signals.
1. The CP inclusion in the time domain waveform for every transmitted OFDM symbol has an impact on the LR reception.
1. OOK will suffer from ISI in a multi-path channel.
1. gNB should consider the impact of CP while designing the LP-WUS signal. 
Evaluate if LR must discard padding symbols inserted by the gNB to overcome the CP impact. 
OFDM based LR should be included in the studies. 
Effect of LP-WUS signal on the network throughput and efficiency should be studied.
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Tx sequence (before DFT) (MC:{0=[0,1],1=[1,0]}) => 20 bits/symbol, REP = 6
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Tx sequence time domain after DFT-s-OFDM + 1024 IFFT@10MHz.
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