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Introduction
L1 design for signal/channel and procedures for low power wakeup signal (LP-WUS) is important to achieve the benefits of the LP-WUS.
The SID of the LP-WUS can be found in [1].
	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, the coverage availability, as well as latency impact of low-power WUR/WUS. 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. 


The contribution mainly focuses on the design of procedures and LP-WUS.

KPIs
The KPIs and requirements can be a guidance of design of the LP-WUS. In RAN1#110bis-e [2], the following KPIs can be considered.
· the power saving gain,
· the latency,
· the resource overhead to meet the coverage requirement, and
· the mobility in terms of the measurement relaxation at the main radio.
We should keep in mind in every details of designs.
Observation 1: We should keep the KPIs in mind for the design, e.g. the power saving gain, the latency, the resource overhead to meet the coverage requirement, and the mobility in terms of the measurement relaxation at the main radio.

Design of procedures
In our view, the procedures of the LP-WUR and the main radio should be studied clearly. Here we focus on the idle/inactive state at first.
1.1 Network reachability
It is common understanding that the LP-WUR is used to achieve network reachability when the main radio is turned off. To some extents, the LP-WUS can replace paging or PEI. The basic procedure for network reachability is simple:
· The main radio enters the ultra-deep sleep state;
· The LP-WUR starts to monitor the LP-WUS in continuously-monitoring or periodically-monitoring manner;
· If the LP-WUR have detected the LP-WUS, it can triggers the main radio to wake up;
· The main radio wakes up and begins to process SSB for cell search or sync/measurement;
· After synchronization with a cell, the main radio then begins to monitor PO or initial RACH procedure.
Although the basic procedure is simple, there are still many pending evaluation assumptions, e.g. listed in [3], which have impact on the KPIs. The impacts to of the evaluation assumptions are listed in the following tables.
Table 1: Continuously-monitoring vs. periodically-monitoring
	KPIs
	Continuously-monitoring
	periodically-monitoring

	The power saving gain
	
	Better

	The latency
	Better
	

	The resource overhead to meet the coverage requirement
	No difference if the LP-WUS is DTX (Behv-A in R17 PEI)

	The mobility in terms of the measurement relaxation
	Depending on the design of measurement


Table 2: Whether the LP-WUS supports beam sweeping or not
	KPIs
	The LP-WUS supports beam sweeping
	The LP-WUS does not support beam sweeping

	The power saving gain
	No difference

	The latency
	No difference

	The resource overhead to meet the coverage requirement
	
	Better

	The mobility in terms of the measurement relaxation
	Depending on the design of measurement


Table 3: Whether the main radio should still monitor PO after wakeup
	KPIs
	The main radio should still monitor PO after wakeup
	The main radio does not need to monitor PO after wakeup

	The power saving gain
	
	Better

	The latency
	
	Better

	The resource overhead to meet the coverage requirement
	Better (assuming the resource overhead of the LP-WUS is larger than that of the PO)
	

	The mobility in terms of the measurement relaxation
	Depending on the design of measurement


Table 4: Whether the measurement is relaxed or not at the main radio
	KPIs
	The measurement is relaxed at the main radio
	The measurement is not relaxed at the main radio

	The power saving gain
	Better
	

	The latency
	
	Better (cell (re-)selection can be better)

	The resource overhead to meet the coverage requirement
	No difference

	The mobility in terms of the measurement relaxation
	
	Better even if the LP-WUR supports measurement


Table 5: Whether the main radio needs to perform cell search after wakeup
	KPIs
	The main radio needs to perform cell search after wakeup
	The main radio does not need to perform cell search after wakeup

	The power saving gain
	
	Better

	The latency
	
	Better

	The resource overhead to meet the coverage requirement
	No difference

	The mobility in terms of the measurement relaxation
	Better (it may imply the mobility can be supported by the LP-WUR)
	


The summary of the evaluation assumptions is shown in the following table.
Table 6: Summary of the evaluation assumptions
	KPIs
	The better side

	The power saving gain
	Periodically-monitoring; 
The main radio does not need to monitor PO after wakeup; 
The measurement is relaxed at the main radio; 
The main radio does not need to perform cell search after wakeup

	The latency
	Continuously-monitoring;
The main radio does not need to monitor PO after wakeup;
The measurement is not relaxed at the main radio;
The main radio does not need to perform cell search after wakeup

	The resource overhead to meet the coverage requirement
	The LP-WUS does not support beam sweeping;
The main radio should still monitor PO after wakeup;

	The mobility in terms of the measurement relaxation
	The measurement is not relaxed at the main radio;
The main radio needs to perform cell search after wakeup


It can be observed that for the procedure of network reachability, we still need to determine the abovementioned assumptions.
Observation 2: For the procedure of network reachability, we still need to determine some assumptions, e.g. Continuously-monitoring vs. periodically-monitoring, whether the LP-WUS supports beam sweeping or not, whether the main radio should still monitor PO after wakeup, whether the measurement is relaxed or not at the main radio and whether the main radio needs to perform cell search after wakeup.

1.2 Mobility
As shown above, if the measurement can be relaxed at the main radio, the power saving gain can be raised. Thus, it is questionable whether the LP-WUR can perform the measurement. In some literatures, it mentioned that the LP-WUR can perform the measurement. However, it will largely impact the design of the LP-WUS and the LP-WUR. 
For the LP-WUS, in general view, WUS is DTXed, e.g. DCP in R16 and PEI in R17. In this way, the LP-WUS may not be suitable as reference signal for measurement.
For the LP-WUR, even if we have a non-DTXed signal to assist the LP-WUR to perform measurement, how to guarantee the measurement accuracy for the LP-WUR which only implement envelope detector and short bit-width ADC? Besides the envelop detector architecture, to achieve the similar measurement accuracy, the power consumption of the LP-WUR may be even larger than that of the main radio. Further, if the reference signal for the LP-WUR is out of band for the main radio, the measurement results may not be easily taken as reference for cell (re-)selection of the main radio. Fortunately, the transition energy of the LP-WUR may be much lower than that of the main radio. Therefore, in our view, whether the measurement can be performed in a power efficient way at the LP-WUR needs to further study. A simple comparison between the main radio based measurement and the LP-WUR based measurement is shown in the following table.
Table 7: Comparison between the main radio based measurement and the LP-WUR based measurement
	
	The main radio based
	The LP-WUR based

	The power consumption of measurement
	Low
	High

	The transition energy for measurement
	High
	Low


Observation 3: Whether the measurement in a power efficient way can be performed at the LP-WUR needs to further study.

1.3 Summary
In summary, for the power saving gain, if the LP-WUR can do all operations in idle/inactive state before random access, and operate in a power efficient way, the power saving gain can be maximized, but in general it will cause large resource overhead used by the LP-WUS. In other words, reducing the interaction between the LP-WUR and the main radio can achieve the large power saving gain. The separate LP-WUR in almost the new small radio. It should support multiple functions and be open for the further evolution for better commercialization. If the LP-WUR can support functions of network reachability and measurement, the main radio can stay in ultra-deep sleep for long time. Whether the LP-WUR can support cell (re-)selection or not can be discussed further. If the LP-WUR can support cell (re-)selection, it should be able to sync to the neighboring cell and perform the neighboring cell measurement. On the contrary, if the LP-WUR cannot support cell (re-)selection, the main radio may be timely wake up due to ping-pong effect in medium to high speed movement.
Proposal 1: How to balance the operations between the main radio and the LP-WUR should be studied, e.g. network reachability, measurement and cell (re-)selection.
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1.4 The required SNR
To address the required SNR in the design of LP-WUS, the modulation order and the code rate should be discussed. The OOK modulation is standardized in 802.11ba LP-WUS, so we think 1-bit modulation can be considered in NR LP-WUS.
Proposal 2: 1-bit modulation, e.g. OOK modulation, can be considered.
The 1/2 code rate Manchester code is standardized in 802.11ba LP-WUS, so in our view the 1/2 code rate Manchester code can be considered in NR LP-WUS. To improve the sensitivity to extend coverage fitting for cellular deployment, the code rate may be lower than 1/2.
Proposal 3: The code rate can be equal to 1/2 (e.g. Manchester code) or lower than 1/2 (e.g. low rate block code).
With assumptions of the modulation order and the code rate (including coding scheme), the simulation curves for error rate (e.g. BLER/MDR/FAR) vs. SNR can be achieved. The required SNR can be roughly obtained for a given error rate. It can be done with the conventional baseband simulator.
Proposal 4: The required SNR can be provided from the baseband simulator with assumptions of the modulation order and the code rate.

1.5 The baseband bandwidth
To address the baseband bandwidth in the design of LP-WUS, the modulation (e.g. OOK) symbol rate can be discussed. We can start from a target data rate. The target data rate could support 100 bits (48 bits UE ID and other information bits) in 100ms, i.e. 1kbps. The duty cycle is assumed 100ms in this assumption. In our view, the latency is dominant by the “wake-up” time of the main radio, so the duty cycle may not assumed too short. 
If 1kbps data rate is assumed, with assumptions of 1-bit modulation and 1/2 code rate, 2 kilo symbols per second rate is assumed.
By the way, the low symbol rate can be more robust for the fading channel. The coherent bandwidth is much larger than several kHz in general, so the several kilo symbols per second is robust for the fading channel without the need of equalizer.
Proposal 5: The modulation symbol rate can be about several kilo symbols per second.

1.6 Forward compatibility
The LP-WUR can be further extended for more functionalities. We should consider the forward compatibility of the LP-WUS and LP-WUR. The modulation order, the data rate and the baseband bandwidth can be scalable to enable the forward compatibility.
Proposal 6: The modulation order, the data rate and the baseband bandwidth can be scalable to enable the forward compatibility.

1.7 Structures
There could be two type of structures for the LP-WUS. 
· Structure-1: The structure of the LP-WUS can be like that of 802.11ba [5]. It includes two parts, such as delimiter/preamble and data payload. 
· Structure-2: The structure of the LP-WUS can be like a set of NR signals/channels, e.g. periodic reference signal, control channel and data channel.
Structure-1 and structure-2 are shown in the following figures.
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Figure 1: Illustration of structure-1
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Figure 2: Illustration of structure-2
7. Need of new slot format
For structure-1, it looks like a new slot format should be defined like a new frame structure in 802.11ba. However, even if we accept this structure in the LP-WUS in NR, we do not see the need to change slot format. It is common understanding that the slot format in NR only means the direction of transmission but does not mean anything on any definition of signal/channel. In other words, a physical signal/channel for the delimiter/preamble and the data payload is sufficient. Furthermore, the new slot format will cause the coexistence issue for the legacy UEs.
For structure-2, it is very familiar in NR, there is no need to introduce new slot format surely. For introduction of new signal/channel, actually it is always feasible for NR, since forward compatibility is always present as one of design principles in each release of NR.
Furthermore, the new slot format will cause the critical coexistence issue between new UE and legacy UE.
Anyway, for both structure-1 and structure-2, there is no need to introduce new slot format.
Proposal 7: The structure of the LP-WUS does not mean the new slot format.

7. Structure-1
As mentioned above, structure-1 includes the delimiter/preamble and the data payload.
Delimiter/preamble
In some literatures [5], it can provide some functions, e.g. starting of LP-WUS and synchronization. The delimiter/preamble could be a signal/sequence.
Data payload
In common understanding, it can provide information like paging in which potentially tens of bits should be contained. Since it contains the large number of bits, it could be a channel more than a signal to achieve the better balance between link level performance and resource overhead.
This structure is running in 802.11ba, and is proved efficient in power consumption in unlicensed band.
Whether it need to be introduced directly in NR should be studies. Firstly, this structure seems natural for unlicensed band and the Delimiter/preamble can provide the preamble detection based LBT. Nevertheless, it is not so useful in licensed band. Secondly, KPIs in 802.11ba and in NR may be different, e.g. KPIs in 802.11ba does not have resource overhead to meet the coverage requirement or mobility. The coexistence of multiple types of signals/channels are more important for NR system, so whether a signal/sequence and a channel have to be adjacent in time domain is questionable. Therefore, whether structure-1 can be used in NR needs further study.
7. Structure-2
As mentioned above, structure-2 includes the periodic reference signal, the control channel and the data channel.
Periodic reference signal
It can provide some functions, e.g. synchronization and measurement.
Control channel
Similar to PDCCH, it can provide the scheduling information of the data channel.
Data channel
Similar to PDSCH, it can carry paging message.
It seems NR is heavily relying on the channels for reliability, but heavily relying on the channels may not efficient for the LP-WUR.
7. Mixed structure
There could be also a mixed structure combining structure-1 and structure-2. It can be designed as follows.
Periodic reference signal
It can provide some functions, e.g. synchronization and measurement.
Delimiter/preamble (initial signal)
It can provide some functions, e.g. starting of LP-WUS and synchronization. It could be a signal/sequence.
Data channel
It can carry paging message or a part of it.
The mixed structure is shown as the following figure.
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Figure 3: Illustration of the mixed structure
Anyway, no matter which structure is selected, we can start from studying the LP-WUS in form of signals/channels to construct a structure.
Proposal 8: Start from studying the LP-WUS in form of signals/channels to construct a structure.

Conclusion
We have the following observations.
Observation 1: We should keep the KPIs in mind for the design, e.g. the power saving gain, the latency, the resource overhead to meet the coverage requirement, and the mobility in terms of the measurement relaxation at the main radio.
Observation 2: For the procedure of network reachability, we still need to determine some assumptions, e.g. Continuously-monitoring vs. periodically-monitoring, whether the LP-WUS supports beam sweeping or not, whether the main radio should still monitor PO after wakeup, whether the measurement is relaxed or not at the main radio and whether the main radio needs to perform cell search after wakeup.
Observation 3: Whether the measurement in a power efficient way can be performed at the LP-WUR needs to further study.
We have the following proposals.
Proposal 1: How to balance the operations between the main radio and the LP-WUR should be studied, e.g. network reachability, measurement and cell (re-)selection.
Proposal 2: 1-bit modulation, e.g. OOK modulation, can be considered.
Proposal 3: The code rate can be equal to 1/2 (e.g. Manchester code) or lower than 1/2 (e.g. low rate block code).
Proposal 4: The required SNR can be provided from the baseband simulator with assumptions of the modulation order and the code rate.
Proposal 5: The modulation symbol rate can be about several kilo symbols per second.
Proposal 6: The modulation order, the data rate and the baseband bandwidth can be scalable to enable the forward compatibility.
Proposal 7: The structure of the LP-WUS does not mean the new slot format.
Proposal 8: Start from studying the LP-WUS in form of signals/channels to construct a structure.
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