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1. Introduction
In RAN plenary #94e meeting, the SID for R18 low-power Wake-up Signal and Receiver for NR was agreed [1], and the objectives are given below:
	The study item includes the following objectives:
· Identify evaluation methodology (including the use cases) & KPIs [RAN1]
· Primarily target low-power WUS/WUR for power-sensitive, small form-factor devices including IoT use cases (such as industrial sensors, controllers) and wearables
· Other use cases are not precluded
· Study and evaluate low-power wake-up receiver architectures [RAN1, RAN4] 
· Study and evaluate wake-up signal designs to support wake-up receivers [RAN1, RAN4] 
· Study and evaluate L1 procedures and higher layer protocol changes needed to support the wake-up signals [RAN2, RAN1] 
· Study potential UE power saving gains compared to the existing Rel-15/16/17 UE power saving mechanisms and their coverage availability, as well as latency impact. System impact, such as network power consumption, coexistence with non-low-power-WUR UEs, network coverage/capacity/resource overhead should be included in the study [RAN1]
· Note: The need for RAN2 evaluation will be triggered by RAN1 when necessary. 


In this contribution, we will discuss considerations on the physical channel design, and potential functionalities and procedures to be supported if LP-WUS channel is introduced.
2. Physical signal Design
1. 
2. 
2.1. Waveform
LP-WUR is targeting for a ultra low power consumption. While Reception of existing OFDM based signals relies on complex receiver, e.g., accurate oscillator, OFDM demodulator. Hence, LP-WUS based on existing signals requires high receiver complexity and power consumption, e.g., tens of mw [2], which can not achieve remarkable power consumption reduction.
[bookmark: DocumentFor][bookmark: OB1]Observation 1: Detection of existing OFDM signal can not achieve remarkable power consumption reduction at reciever.
As summarized in [3], OOK is the most widely used waveform for low power wake up signal. OOK waveform can be detected through components with lower power consumptions, e.g., envelop detector, simple digital processor. Besides, ASK can be considered to achieve higher data rates. However, the existing NR DL channels are all based on OFDM waveform and generated based on OFDM generator, the WUS waveform also needs to be compliant with the transmission principles of the standard in which it is embedded. To better coexistence with legacy NR DL channels, the WUS design needs to support orthogonal in the same way as NR DL channels, despite being based on different modulation principles.
In [4] and [5], two options are provided for OOK waveform that can be generated by OFDM generator. The detailed solutions can be further discussed in the study.


[bookmark: _Ref115185483]Figure 1. Example of OOK/ASK waveform generated by OFDM generator[5]
[bookmark: OB2]Observation 2: It is beneficial to use OOK/ASK based waveform for LP-WUS to achieve ultra-low power consumption at receiver.
· It is feasible for gNB to generate OOK/ASK based waveforms by resuing existing OFDM modulator.
2.2. Low power WUS bandwidth
The IF/RF filter is required to avoid adjacent chnnael /PRBs interferences. A more narrow WUS occupied bandwidth will requires a higher Q filter.  In 802.11ba, 4MHz channel bandwidth is used for LP-WUS. Considering resource allocation flexibility, lower than 4MHz can also be considered, e.g., 1.4MHz which fits 6RB.  
Besides, the filter bandwith also depends on the LP-WUS channel BW.  As discussed in section 3.2, gurad gap is needed to make sure the ACI is well suppressed, the filter bandwidth should at least include LP-WUS channel BW and the guard BW.
[bookmark: PP2]Proposal 1: Around 1.4MHz ~ 4MHz signal bandwidth can be considered as starting point for LP-WUS.
2.3. [bookmark: _Ref115367481]Low power WUS structure 
LP-WUS is expected to be able to wake up an individual UE, a subgroup of UE or all the UEs depending on wake-up purpose. Thus, the wake-up message, i.e, the identification information of the target UE(s) should be carried. Besides, some information, other than wake-up indication, can also be carried in LP-WUS. The suitable channel structure for LP-WUS may vary if different number of information bits delivered. Considering LP-WUR may take a low accuracy clock to keep lower power consumtion, it cannot keep synchronization to the TX side very precisely, and thus, at least the sequence part should be included in LP-WUS channel structure, which can facilitate LP-WUR to reliably detect the LP-WUS transmission without perfect timing.The following options for LP-WUS structure can be considered as starting point.
· Sequence only LP-WUS
· Sequence for sync + sequence for info bits
· Sequence for sync + information payload
· Sequence only LP-WUS
If information bits delievered by LP-WUS is limited, e.g., only 1 bit wake up indication, sequence presence or DTX detection at WUR can be used to determine whether wake-up indication is transmitted. 
If N bits information are delivered, WUR should detect the target sequence in a pool of 2^N candidate sequences. For sequence based design, larger number of info bits delievered causes higher detection complexity and lower reliability, especially when UE is not synchronized with gNB.
· Sequence for sync + sequence for info bits
Alternatively, LP-WUS structure with multi-level sequences can be considered, if message with a few information bits are delievered. As shown in Figure 2, the first level sequence is for sync purpose only, and the second level sequence is used for delivering information bits. The sync sequence can be predefined, and UE only need to search one sequence for sync. After the sync sequence detected, UE detect the information bits on the second level sequence with known timing, and the detection complexity on the candidate sequences can be greatly reduced. Thus, more information bits can be delivered in the second sequence, compared with sequence only LP-WUS structure. To ensure higher reliability, the sequence pool should include sequences satisfying good correlation.
· Sequence for sync + information payload
If message with a few tens of bits are expected to be transmitted in LP-WUS, it is no longer realistic to rely on sequence selection to deliever the information bits. Coded information payload can be considered to deliver the message bits. Similarly, a sequence, at least for sync, is still needed before message part detection. As shown in Figure 2, the sequence part is followed by the message part . 
Besides, there may exist necessary information to be handled in main radio but carried by LP-WUS and agnostic to LP-WUR, which facilitate main radio’s reception, e.g., system information modification, and other information can be studied further. 



[bookmark: _Ref118554335]Figure 2. Example of LP-WUS signal structure
[bookmark: PP3]Proposal 2: Following LP-WUS structure can be further studied：
· Sequence only 
· Sequence for sync + sequence for info bits
· Sequence for sync + information payload
Proposal 3: Extended message, which is to be handled in main radio but agnostic to WUR, can be transmitted in the LP-WUS.  The extended message can be system information modification, and FFS other types of information.
LP-WUS is transmitted on demand.When a UE doesn’t detect a WUS successfully for a period, it cannot determine whether WUS is not transmitted, or the channel quality of low power link is too low. Therefore, a reference signal transmitted periodically should be studied, e.g., beacon signal. Furthermore, beacon signal can be also used to provide timing to the LP-WUR.Therefore, low-power beacon signal is periodic and the LP-WUS structure listed above can be also studied for low-power beacon signal. For simplicity of WUR processing, the waveform of low-power beacon signal can be the same as LP-WUS .
[bookmark: PP4]Proposal 4: Study low-power beacon signal structure including :
· Sequence only 
· Sequence for sync + sequence for info bits
· Sequence for sync + information payload
[bookmark: PP5]Proposal 5: The waveform of low-power beacon signal should be the same as LP-WUS.
3. Physical functionalities and procedures
3. 
3.1. DRX reception
DRX is one basic configuration for power saving, for example DRX cycle for idle/inactive UEs is at least 320ms. In 802.11ba, the beacon period defaults to 100ms. In NR R18, LP-WUS can also be transmitted periodically or on demand. So LP-WUS or beacon transmission using DRX operation can be considered to futher reduce power consumption of wake-up receiver.
For example, as illustrated in Figure 3, wake-up receiver may monitor the WUS or beacon discontinuously using the DRX operation. The LP-WUS or beacon can be accurately received while further decreasing power consumption as long as the ‘DRX onduration’ for WUR covers the potential location of LP-WUS or beacon.


[bookmark: _Ref115204703]Figure 3. LP-WUS/beacon transimission using DRX operation
As illustrated in Figure 4, when in RRC_IDLE/INACTIVE, if extended-DRX is configured, main radio monitors the paging channel in the PTW(i.e., paging time window), and main radio is in the sleep state in the rest time. Apparently, existing extended-DRX and PTW mechanism may cause significant latency. One potential solution is to receive the LP-WUS signal using DRX operation when main radio is in the sleep state. For higher latency requirements, wake-up indication can futher reduce the network access latency with the decrement of DRX periodicity .


[bookmark: _Ref115204712]Figure 4. LP-WUS/beacon transimission using DRX operation in RRC_IDLE/INACTIVE
[bookmark: PP6]Proposal 6: Study LP-WUS/beacon transmission using DRX operation for idle/inactive mode.
3.2. [bookmark: _Ref115187673]Interferece mitigation in WUR
For a robusteness deployment, one of the most important aspects need to be addressed is the interference mitigation, which includes several aspects, such as
· Adjacent channel interference
· Adjacent subcarrier interference
· Co-channel interferences, e.g., neighboring cell interference
Furthermore, noise such as themal noise is also additive to the previous mentioned ones which can cause bad performance.
The interference caused above is making things even worse by an evelope detector compared to normal main receiver.  In order to combat all these thins, a series of techniques are considered,  such as,
A) Moderate bits of ADC is helpful for interference mitigation 
ADC with appropriate bit-width is necessary to improve interference/noise resistance. However, the increased bit-width leads to higher power consumption. Considering typically the ADC part can contribute tens of uW when sampling rate with Msps which is a dominant part of the power contributor, the increased power consumption with increased bit-width should be addressed. Typically, the power consumption is exponentially increased when the number of bit-width increased, e.g., 30% for each bit.
Tradeoff between power consumption and performance should be considered. The following is an example of the miss detection performance of the multiple-bit ADC performance of the LP-wake-up signal. As shown in Figure 6, WUR with 4 to 8 bits ADC bitwidth can achieve near optimal performance. The relevant simulation assumptions are shown in Appendix A.
  [image: ][image: ]
[bookmark: _Hlk115455762][image: ][image: ]
Figure 5. Performance of WUS detection with different ADC bit-width
[bookmark: _Hlk115455784]*Note:ASCI in above figures means adjacent subcarrier interference. ADC bitwidth with X bits are maked as “X ADC”; ADC with 1 bit bitwidth is marked as ‘comparator’; ‘ideal’ ADC means no quantization.
[bookmark: PP7]Proposal  7: For LP-WUS receiver, moderate ADC bit-width is assumed, e.g., 4 ~ 8 bits,  and it is helpful for interference mitigation.
B) Sequences spreading / coding for a better interference mitigation
For sequence detection, e.g., the preamble sequence of the LP-WUS for the purpose of sync or identification, it is always beneficial to have a longer OOK sequence with the increase of overhead. With the support of better detection accuracy, e.g., multiple-level ADC, it is expected the OOK sequence can suffer from the interference.
[image: ][image: ] 
[bookmark: _Ref115441950]Figure 6. Performance of LP-WUS with different preamble length
[bookmark: PP8]Proposal 8: OOK sequence can be considered as WUS preamble sequence detection with enough length such as 16, 32.
Considering WUS message part which carriers more bits with OOK detection, it is expected some coding schemes are adopted to provide better performance. Note lower decoding complexity and power consumption should also be considered. Candidate schemes such as Manchester code which has being used in the IEEE 802.11ba WUS techinique can be considered. 
[bookmark: PP9]Proposal 9: Manchester coding can be considered as WUS message part to improve the decoding performance with low complexity and power.
C) Guard gap to protect LP-WUS
For RF-based envelope detector, it is expected that the filter is mainly for RF-domain. Thus a band-specific filter filters out the out-of-band interference. However, the adjacent subcarrier interference in the band can not be filtered out by such RF-domain filter.
For IF-based or BB-based envelope detector, it is expected the analog filter is mainly for IF or BB domain. If the LP-WUS is suitable and fits into the IF/BB filter, then the adjacent subcarrier interference can be filtered.
Moreover, it is expected a better IF/BB filter with higher order can filter out adjacent subcarrier interferences better. And it is expected to further study the number of separation PRBs between adjacent subcarriers and LP-WUS subcarriers. 
[bookmark: PP10]Proposal 10: For IF-based or BB-based envelope detector, further study the number of required guardbands between LP-WUS and adjacent DL transmissions.
3.3. Measurements and network reachability
For legacy UEs in idle state, UE should periodically wake up to perform measurements in addition to paging monitoring. UE may wake up every paging cycle to perform measurements/sync. These two behaviors contributes most of power consumption for idle UEs.
One major function of the LP-WUS is also to wake up idle UE to monitor paging without monitoring PDCCHs on main radio. Thus, the power consumption in PDCCH monitoring can be saved. However, if idle UE still performs meansurements/sync based on existing reference signals, the main radio can not switched-off effectively, and the power saving gain obtained from WUR is limited.
On the other hand, the purpose of periodic measurements on SSBs is to ensure idle UEs reachable to NW. UE need to measure RSRP and RSRQ to check the quality of the camped cell. If the cell quality is below certain threshold, UE will reselect to a new cell. Thus, UE can always camp on a reachable cell. 
[bookmark: OB3]Observation 3: For legacy UE in idle state, paging monitoring and measurements contribute most of power consumption.
[bookmark: OB4]Observation 4: If idle UE performs measurements/sync based on existing reference signals, the main radio can not switched-off effectively, and the power saving gain obtained from WUR is not achievable.
If idle UEs are not required to perform measurement on SSBs, it is preferred to also support certain kind of cell quality measurement based on signals that can be received by WUR. These signals can be transmitted periodically, and regarded as “beacon” signal. The beacon signal can be used not only for synchronization, as discussed in section 2.3, but also for measurements.  UE can determine the channel quality without resorting to main radio. Some procedures/criterions can be studied to avoid frequent wake up main radio for legacy measurement behavior. 
From sycronization perspective, the the required beacon signal overhead can be  roughly estimated. Assuming the frequency error of real time clock (RTC) in UE is 20ppm, the time drift accumulated across 10 seconds is only 0.2 ms, it is feasible for WUR radio starting detect beacon in advance to make sure the WUS signal can be received, with marginal additional power consumption. Hence, the periodicity of beacon does not need to be as short as SSBs, e.g., 20ms. The overhead of beacon signal is limited.
[bookmark: OB5]Observation 5: Additional overhead is limited if beacon signal is transmitted with a large periodicity.
[bookmark: PP11]Proposal 11: It is benificial to introduce a periodically transmitted beacon, which can support coase time synchronization and link quality measurement based on WUR.
· UE can estimate the link quality through WUR without switching on the main radio.
3.4. Coexistence
One objective for low-power wake-up signal is to study the system impact on the coexistence with non-low-power-WUR UEs. More specifically, for LP-WUS inband transmission, how to multiplex between LP-WUS and the legacy signals/channels. Both TDMed and FDMed multiplexing can be studied. FDMed multiplexing between LP-WUS and legacy signals/channels is beneficial for a carrier with large bandwidth.   
[bookmark: PP12]Proposal 12: Study both TDM and FDM multiplexing for co-existence between LP-WUS and legacy signals/channels, with both semi-static and dynamic manner.
[bookmark: _Hlk114824285]For FDMed multiplexing, the legacy DL signals/channels maybe located on both sides of the LP-WUS, given the RF filter for LP-WUR is not ideal, to reduce the interference from the legacy signals/channels, some resources need to be reserved as guard band for LP-WUS. The amount of guard band depends on the different LP-WUR architectures, LP-WUS signal flow and LP-WUS waveform design etc. Study is necessary to find the best tradeoff among all factors like minimizing the guard band overhead, ensuring LP-WUS detection performance, low power consumption and low complexity for LP-WUR/WUS design etc. As analyzed in section 3.2 and proposed in proposal 9, further study is needed on the number of PRBs used as guardband to mitigate the inband interference from legacy signals/channels to LP-WUS. 
For coexistence between the LP-WUS and NR legacy signals/channels, it can always rely on gNB implementation to void configuring or scheduling the overlapped resource in both frequency and time-domain between the LP-WUS and legacy signals/channels. To improve the resource multiplexing efficiency, for coexistence between the LP-WUS and the PDSCH, current mechanism of semi-static and dynamic RB-symbol-level rate-matching pattern(s) that fit with the resources occupied by LP-WUS can be used. Note that the function of semi-static rate-matching resource set is UE mandatory capability and the function of dynamic rate-matching resource set is UE optional capability since Rel-15, it works well for legacy UEs with different capabilities. In addition, in case the LP-WUS is not transmitted, the LP-WUS resources should be reusable by the network to transmit legacy signals/channels. 
[bookmark: OB6]Observation 6: For coexistence between legacy PDSCH and LP-WUS, 
· Semi-static resouce sharing by configuring RB-symbol-level or RE-level rate-matching patterns covering LP-WUS related signals can be used to improve the spectral efficiency.  
· Dynamic resource sharing can be used if PDSCH is scheduled by DCI format 1_1; If PDSCH is not scheduled by DCI format 1_1, it is up to gNB implementation whether and how LP-WUS related siganls is transmitted in PDSCH resource.
[bookmark: PP13]Proposal 13: Study to reuse the LP-WUS resources for other NR signal/channel transmissions.  
3.5. Adaptive scalable sampling rate
The increased LP-WUS sampling rate could lead to higher power consumption to ADC, digital processing and etc. These aspects contributes as one of the main power consuming components. Hence, it is always beneficial to lower down the sampling rate. However, without enough feedback to the gNB,  it is not easy to let the gNB indicaste the UE the received signal sampling rate. A more sophiscated way is to let the LP-WUS receiver decide which sampling rate is enough to decode. This can be based on the aforementioned ‘keep-alive’ signal to provide the ability to let the LP-WUS reiceiver autonomously detect the approiate sampling rate, which can be then used for detecting LP-WUS preamble and message(s) part.
For example, the LP-WUS receiver can under sampling the ‘keep-alive’ sequence to save power. However, such operation requires the sequence for the ‘keep-alive’signal having special characteristics, i.e., for different under sampling rate, the sequences of length s for which the autocorrelations are collectively as small as possible.
[bookmark: PP14]Proposal 14: Study LP-WUS receiver autonomously detecting the sampling rate, which can be beneficial from reducing power consumption perspective.
4. Conclusion
In this contribution, we provide our views on LP-WUS physical signal design, related functionalities and procedures. The observations and proposals are provided as follows.
Observation 1: Detection of existing OFDM signal can not achieve remarkable power consumption reduction at reciever.
Observation 2: It is beneficial to use OOK/ASK based waveform for LP-WUS to achieve ultra-low power consumption at receiver.
· It is feasible for gNB to generate OOK/ASK based waveforms by resuing existing OFDM modulator.
 Proposal 1: Around 1.4MHz ~ 4MHz signal bandwidth can be considered as starting point for LP-WUS.
Proposal 2: Following LP-WUS structure can be further studied
· Sequence only 
· Sequence for sync + sequence for info bits
· Sequence for sync + information payload
Proposal 3: Extended message, which is to be handled in main radio but agnostic to WUR, can be transmitted in the LP-WUS.  The extended message can be system information modification, and FFS other types of information.
Proposal 4: Study low-power beacon signal structure including :
· Sequence only 
· Sequence for sync + sequence for info bits
· Sequence for sync + information payload
Proposal 5: The waveform of low power beacon signal should be the same as LP-WUS.
Proposal 6: Study LP-WUS/beacon transmission using DRX operation for idle/inactive mode.
Proposal  7: For LP-WUS receiver, moderate ADC bit-width is assumed, e.g., 4 ~ 8 bits,  and it is helpful for interference mitigation.
Proposal 8: OOK sequence can be considered as WUS preamble sequence detection with enough length such as 16, 32.
Proposal 9: Manchester coding can be considered as WUS message part to improve the decoding performance with low complexity and power.
Proposal 10: For IF-based or BB-based envelope detector, further study the number of required guardbands between LP-WUS and adjacent DL transmissions.
Observation 3: For legacy UE in idle state, paging monitoring and measurements contribute most of power consumption.
Observation 4: If idle UE performs measurements/sync based on existing reference signals, the main radio can not switched-off effectively, and the power saving gain obtained from WUR is not achievable.
Observation 5: Additional overhead is limited if beacon signal is supported.
Proposal 11: It is benificial to introduce a periodically transmitted beacon, which can support coase time synchronization and link quality measurement based on WUR.
· UE can estimate the link quality through WUR without switching on the main radio.
Proposal 12: Study both TDM and FDM multiplexing for co-existence between LP-WUS and legacy signals/channels, with both semi-static and dynamic manner.
Observation 6: For coexistence between legacy PDSCH and LP-WUS, 
· Semi-static resouce sharing by configuring RB-symbol-level or RE-level rate-matching patterns covering LP-WUS related signals can be used to improve the spectral efficiency.  
· Dynamic resource sharing can be used if PDSCH is scheduled by DCI format 1_1; If PDSCH is not scheduled by DCI format 1_1, it is up to gNB implementation whether and how LP-WUS related siganls is transmitted in PDSCH resource.
Proposal 13: Study to reuse the LP-WUS resources for other NR signal/channel transmissions.  
Proposal 14: Study LP-WUS receiver autonomously detecting the sampling rate, which can be beneficial from reducing power consumption perspective.
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Appendix A –Simulation assomptions
[bookmark: _Ref53480048]Table 1. Assumptions for link level simulation for LP-WUS
	Attributes
	Assumptions

	Carrier Frequency
	2GHz

	Channel structure
	Preamble +data +CRC: 32 chips+ 32 bits +8 CRC bits

	Coding
	1/2 rate Manchester coding (For information bits and CRC bits)

	Data rate/
Raw Data rate
	28kbps (16kbps)
224kbps (128kbps)

	SCS
	30kHz

	gNB Channel BW 
	20MHz (50 RB)

	WUS BW
	12RB ~4.32MHz  

	Guard band
	1RB on each side of LP-WUS bandwidth

	Filter 
	5th Order Butterworth with 4.32MHz bandwidth 

	Adjacent subcarrier interference
[bookmark: _GoBack](ASCI)
	PDSCH mapped on RBs not used for LP-WUS and guard band;
EPRE of LP-WUS vs EPRE of PDSCH = 1:1.

	Sampling Rate
	4MHz 

	ADC bitwidth
	1bit (comparator)
2bits, 4bits, 8bits, ideal ADC

	Channel Model
	AWGN

	Performance metric
	{FAR, MDR}: {0.1%, 1%}
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