[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: _Ref452454252]3GPP TSG-RAN WG4 Meeting #106 	R4-2300501
Athens, Greece, February 27 – March 3, 2023

Source:	Nokia, Nokia Shanghai Bell
Title:	Evaluation of wake-up signal designs 
Agenda item:	9.20.3
Document for:	Discussion

[bookmark: _Toc116995841]Introduction
In this document, we provide our initial views on design considerations for the DFT spread OFDM based wake-up signal. Both on-off keying (OOK), and frequency shift keying (FSK) modulation are being considered for evaluation.
[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.
DFT spread FSK transmission
FSK modulation is another probable waveform considered for LP-WUS in this SI. This has been studied extensively in the literature and used prevalently in many technologies. Coupled with the DFT-s-OFDM, the FSK scheme is comparable to that of OOK signaling discussed in the previous section. Few advantages of FSK within DFT-s-OFDM are as follows.
· Due to constant envelope, FSK reception is more noise tolerant, thereby, relaxing the LR component specifications.
· The presence of two discrete frequencies, which toggles at the DFT-s-OFDM symbol level, can be used for synchronizing the local oscillator of LR.
· It has similar overhead posed by the OOK signaling employed with DFT-s-OFDM.
· Detection is robust against the Doppler shift caused by the mobility, as the tones are affected similarly.

Having discussed the advantages, it has few shortcomings as well, which are listed below.
· Effect of cyclic prefix in the OFDM symbol may interfere with the detection performance of the receiver.
· Adjacent carrier interference and inter-cell interference affect the detection performance.
· To avoid spectral leakage, tones used for FSK transmission must have integer cycles within DFT-s-OFDM symbol.
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[bookmark: _Ref126596284]Figure 3 DFT-s-FSK modulated transmission @10bits/OFDM symbol, 2 OFDM symbols are used
In the following discussion, an example of generation and the detection of DFT-s-FSK transmission is briefly discussed. Figure 3 outlines the behavior of the signal in time domain with two discrete tones  and , which are separated by an integer factor to ensure orthogonality. A stream of 10 bits, wherein each bit is represented by a complex frequency of length 24, is provided to  point DFT. Then the DFT spread waveform is placed within OFDM carriers contiguously to ensure single carrier properties. Once the LP-WUS waveform is multiplexed within an OFDM symbol, the final IFFT operation of size  is performed to obtain the time domain waveform. This process is shown in Figure 3a, and Figure 3b. 
Figure 3c shows the received waveform after translated and down sampled to allow only 4MHz BW. The received signal can be decoded in the time domain and the effect of cyclic prefix (CP) is visible at the symbol boundaries, though not pronounced much. This shows only the concept of generating and decoding of FSK signal under DFT-s-OFDM framework. The effect of adjacent NR signal multiplexing and the inter-cell interference should be studied to ensure the reliability of the candidate LP-WUS waveform. Finally, in Figure 3d, the received spectrum after frequency translation, i.e., prior to LPF, is presented, where we can see the signal is contained within 4MHz transmission BW.
Observations
Based on the above discussion, following observations and proposals are made. 
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The LP-WUS modulation scheme selected should be resource efficient and should ensure efficient multiplexing with other NR signals. Compared to standard OFDMA, neither OOK nor FSK are resource efficient. However, both can be multiplexed with other NR signals. 
Irrespective of the choice of modulation (FSK or OOK), there will be a CP inclusion in the time domain waveform for every transmitted OFDM symbol and this has an impact on the LR reception. 
Both OOK and FSK will suffer from ISI in a multi-path channel.
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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 or FSK, given the benefits of OFDM modulation over OOK and FSK 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.
[bookmark: _Toc116995848]Conclusion
In this contribution we have provided our initial views on the modulation schemes wake-up signal. Both on-off keying (OOK), and frequency shift keying (FSK) modulation are 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. Both OOK and FSK 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, neither OOK nor FSK are resource efficient. However, both can be multiplexed with other NR signals. 
1. Irrespective of the choice of modulation (FSK or OOK), there will be a CP inclusion in the time domain waveform for every transmitted OFDM symbol and this has an impact on the LR reception. 
1. Both OOK and FSK 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

o5 (ay]

o 50 100 150 200 250 0 350 0 50 500

Tx sequence time domain after DFT-s-OFDM + 1024 IFFT@10MHz.

sl Mot Raep:

oaf

0
.
: = L = =
55+ Ftre +Tanslt 10 tere waetor 4 (AWM

; , = Mo i

N N i
ool skl

LU U UV QAT U, |

: - = = = =

Effoct of ISl on DS + Filtered + Translated TD filtered waveform @4MHz (with delay spread ~ 300ns)

L L k h ]
LUV RINRNIN) YN,

o 100 200 300 00 500





image3.png
Tx sequence (before DFT) (without MC) => 10 bits/symbol, REP = 24
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