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Introduction 
The revised Rel-18 Low Power Wake Up Signal (LP-WUS) SID includes following SI objective [1]. 

	As opposed to the work on UE power savings in previous releases, this study will not require existing signals to be used as WUS. All WUS solutions identified shall be able to operate in a cell supporting legacy UEs. Solutions should target substantial gains compared to the existing Rel-15/16/17 UE power saving mechanisms. Other aspects such as detection performance, coverage, UE complexity, should be covered by the evaluation.

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. 



In this document, we discuss following aspects of LP-WUS and WUR.
· Low power wakeup signal (LP-WUS) waveform generation
· Low power wakeup signal (LP-WUS) design – coverage, payload, bandwidth
· Synchronization
· LP-WUR monitoring scheme
· Paging monitoring with LP-WUS
· Radio resource management (RRM) measurement with LP-WUR
LP-WUS Waveform Considerations
General waveform considerations 
In this section, we discuss the possible waveform candidates for LP-WUS.  More specifically, we shall consider the following two waveform options for LP-WUS, and discuss their pros and cons.  

· Option 1: CP-OFDM based WUS
· Option 2: On-Off keying (OOK) based WUS

The first option is to reuse the CP-OFDM waveform for LP-WUS, similar to NB-IoT/eMTC WUS design in Rel-15 and Rel-16. For example, SSS or PSS-like signal can be used to signal the wake-up indication. Such option was studied in Rel-17 power saving enhancement work item, and more specifically, paging enhancement. The main benefit of this option is that, one can reuse the existing NR waveform and potentially sequence design. As such, both the transmitter and receiver design can largely leverage the existing NR design. For example, the receiver could reuse several components of the main radio (MR), and focus on optimization of the parts that are mostly power consuming.  Furthermore, it is relatively easy to match the coverage of the CP-OFDM based WUS to the coverage of other NR channels. However, the downside is that the potential power saving at the receiver is limited compared to the power consumption of the MR. Indeed, during the Rel-17 power saving evaluations, the power consumed for sequence-detection (based on OFDM waveform) and PDCCH-detection are assumed to be the same. Although further optimization on the receiver architecture could lead to smaller power consumption of the OFDM waveform, it seems unlikely to reduce the power saving by orders of magnitude (e.g., to bring the power consumption to below or similar to 1mW).  

To achieve smaller power consumption, waveforms other than CP-OFDM can be considered.  In particular, on-off keying (OOK) based waveform may be a good candidate, since it can be detected with simple noncoherent envelop detector, and does not require any time or frequency domain channel equalization. Furthermore, with noncoherent detection, the receiver does not need to maintain/track a highly accurate oscillating rate as for the CP-OFDM based waveform, and therefore, a phase-lock loop (PLL) could be avoided to further reduce the power consumption at the receiver side. More detailed discussions on the receiver architecture to demodulate OOK can be found in our companion contribution [3].

In fact, OOK-based WUS has been adopted in IEEE 802.11ba (i.e., WIFI), which can be received with power consumption less than 1 mW [3].  Furthermore, the IEEE 802.11ba LP-WUS reuses the existing OFDM transmitter architecture adopted for IEEE 802.11 (WIFI) to generate the OFDM-based OOK (aka multi-carrier OOK), and was designed to match the coverage of the regular WIFI signal. 

As discussed, the main advantage of OOK-based waveform for LP-WUS is that it allows receiver design with much lower power consumption than OFDM-based waveform. Indeed, various receiver architectures and their corresponding power consumptions are reported in the literature for noncoherent detection of OOK signal, resulting in power consumption as low as several tens of micro-Watts [4].  The downside of the OOK based waveform is that it may have worse receiver sensitivity than CP-OFDM based waveform. In order to match coverage of the OOK-based WUS with other NR signals, it may require longer duration or higher power/energy (i.e., lower spectral efficiency). Furthermore, changes at the gNB transmitter may be needed to generate OOK waveform and allow coexistence between LP-WUS and other NR CP-OFDM signals. 

Generation of CP-OFDM-compatible OOK waveform
One desirable design target for LP-WUS is to allow LP-WUS to co-exist with existing signals/channels and minimize the interference between them. This means that the OOK waveform has to be “compatible” with other in-band CP-OFDM signals. To this end, two approaches can be considered. 

Approach 1: DFT-s-OFDM based OOK generation 

In this approach, we first generate ideal (up-sampled) OOK symbols, and modulate them to the CP-OFDM time/frequency resources using DFT-S-OFDM. For example, as shown in Figure 1, in order to transmit four bits [1,0,1,0], we first up-sample it (i.e., repeat) to [1,…,1,0,…,0,1,…,1,0,…,0] of length M, and then use M point DFT to map them to M OFDM subcarriers. Here, [1,0,1,0] denotes [On, Off, On, Off], and M denotes the number of OFDM subcarriers allocated for LP-WUS transmission. An example illustration of the transmitter flow chart is shown in the Figure 1 below. 
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[bookmark: _Ref115250434]Figure 1: DFT-s-OFDM based OOK generation


We would like to remark that, we have used [1,1,1..,1] to represent the time domain signal of an up-sampled ON signal in Figure 1. However, since the receiver is performing only amplitude detection, we may use an arbitrary constant envelop sequence as the ON signal.  In fact, in order to exploit frequency diversity, it may be desirable to use a sequence which is not all one as the on signal. A good example is a Zadoff-Chu sequence, which has flat spectrum.   

Moreover, it is not difficult to show that, with this design, the power of the LP-WUS is limited to the allocated bandwidth and will be able to meet emission requirements of regular NR channels. 


Approach 2: CP-OFDM based least-square approximation (i.e., waveform fitting)  

Another approach is to use CP-OFDM based waveform to approximate a time-domain OOK signal. This approach is suggested in [6]. The main idea is to that, for an ideal time-domain OOK signal  over-sampled at the OFDM sampling rate N samples/OFDM symbol, we determine a set of frequency domain signals , such that after OFDM modulation the resulting time-domain signal  looks as close to the ideal OOK signal  as possible. Mathematically, this amounts to solving the following optimization problem 
.
Here,  denotes the partial IDFT matrix containing all columns that corresponds to the subcarriers allocated for the LP-WUS transmission. The solution to the above optimization problem is the well-known least square approximation, and can be obtained in closed form using pseudo inverse as follows
.

 A flow-diagram is shown in Figure 2 below.
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[bookmark: _Ref115251607]Figure 2: CP-OFDM based OOK approximation

Similar to Approach 1, it is not difficult to show that, with Approach 2, the power of the LP-WUS is limited to the allocated bandwidth, and will be able to meet emission requirements of regular NR channels.

In fact, the two approaches result in very similar waveforms. Indeed, a comparison of the two waveforms (with M=144, N=1024) is shown in Figure 3 below. 
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[bookmark: _Ref115251982]Figure 3: Waveform comparison for Approach 1 and Approach 2

Furthermore, the BER comparison of the two approaches are shown in Figure 4. In the simulation, we assume Manchester code is used. Other simulation parameters and receiver assumptions are provided in our companion evaluation methodology paper.  As can be seen from the result, the BER performance of the two approaches are almost identical. 
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[bookmark: _Ref115252188]Figure 4: BER comparison for Approach 1 and Approach 2
From implementation perspective, Approach 1 has sightly simpler complexity, and reuses the existing DFT-s-OFDM (i.e., transform precoding) framework in NR. Furthermore, the implementation of Approach 1 is independent of the subcarrier indices allocated for WUS transmission. For comparison, in Approach 2, the pseudo inverse computation involves  , which depends on the subcarriers used for LP-WUS transmission. 


Observation 1: Approach 1 (DFT-s-OFDM based OOK) and Approach 2 (OFDM-based LS approximation) both results in time-domain OOK signals with very similar waveform and BER. Approach 1 is easier to implement than Approach 2.



Next, we provide some evaluation results for CP-OFDM compatible OOK in TDL-A and TDL-C fading channels in Figure 5. We also examine the performance of different data rates with OOK. The results were evaluated using Approach 1 above. First, we notice that, compared with different fading profiles, the performance of OOK is better in TDL-C 300ns fading channel than TDL-A 30 ns fading channel. This implies that, the CP-OFDM compatible OOK design is able to exploit the frequency diversity provided by the TDL-C channel. Secondly, as we increase the data rate, the decoding SNR need to be increased to sustain a target BER. Thus, a proper data rate may be selected based on the channel condition, target coverage range, etc.    
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(a) TDL-C 300ns delay spread
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(b) TDL-A 30ns delay spread
[bookmark: _Ref118470316]Figure 5: BER results for OOK under fading channels

Proposal 1: RAN1 shall study method to generate time-domain OOK waveform that is compatible with CP-OFDM to allow in-band co-existence between LP-WUS and other existing NR signals. 


Coverage, payload size, and bandwidth of LP-WUS 
On the L1 signal design, one important question to discuss is what should be the coverage for LP-WUS. More specifically, whether the LP-WUS shall have the same coverage as regular NR signals, or can we relax the LP-WUS coverage and allow it to cover part of the cell (e.g., close to the cell center).  In our view, we shall strive to match the coverage of the LP-WUS to the coverage of other NR signals (e.g., NR paging PDCCH) for following reasons.

· First, UEs in cell edge are struggling more with short battery life. This is natural consequence of longer-range support – higher tx power, lower data rate, etc. There is already imbalance in battery life between cell center UE and cell edge UE. Having LP-WUR for only cell center UE (i.e., mismatch case) will increase the battery life imbalance further, resulting very uneven user experience in terms of battery life.
· Second, there are more Ues in mid cell and far cell than cell center. Ues located in mid cell and far cell might not be able to utilize the LP-WUR feature, which wastes the cost invested for this new feature.

For these reasons, the feature should support full coverage to benefit all the Ues in the cell.

Proposal 2: The LP-WUS coverage shall strive to match the coverage of NR (e.g., NR paging PDCCH coverage).  

Another important question to address is how much information bits need to be conveyed via a WUS transmission. The answer to this question affects the waveform and signal design, the receiver design, as well as the performance evaluation and link budget of LP-WUS. For example, if the payload size conveyed by the WUS is small enough (e.g., smaller than 10 bits), we may use sequences to convey WUS. However, when the payload size is larger, it might require a channel code and CRC to be used. Depending on the implementation, the latter may consume more receiver power compared to the former. Thus, the tradeoff between maximizing functionality and minimizing the receiver power consumption may need to be considered.  

In our view, the LP-WUS shall at least support multi-user capability (i.e., to be able to support addressing to more than one UE/UE groups per cell). This is important in order to reduce the false wake up rate for a particular UE. Ideally, we may assign different sequences to different UEs. However, this may greatly increase the WUS overhead, and may require a larger power consumption at the receiver. Therefore, we may need to consider the tradeoff between lowering the false wake up rate and LP-WUR power consumption. A good way is to let a group of UEs to share a same sequence, and support multiple groups within a cell, similar to the LTE eMTC design. 

Another information that needs to be conveyed in the LP-WUS is the cell ID. However, this may be conveyed in a separate reference signal, e.g., the low power synchronization signal, as discussed in Section 3. This may reduce the detection burden for the LP-WUS.


Next, we discuss the possible bandwidth configurations for LP-WUS. There are several factors that need to be considered when determining the bandwidth for LP-WUS:

· (e)RedCap is the lowest tier device in NR during the end of Rel-18 and start of Rel-19, and they use 20MHz as the main (RF) bandwidth. A reasonable assumption for the LP-WUS is to limit the BW of the LP-WUS to no larger than 20MHz to support (e)RedCap use cases.

· Coverage of the LP-WUS: generally, having a larger bandwidth is beneficial for the coverage of LP-WUS, since the transmitter may be able to convey more power on the larger bandwidth with the same transmit PSD and same WUS duration. However, with smaller BW, we could use more repetitions in time domain to achieve the same coverage.   

· Rx power consumption: from Rx power consumption perspective, having a larger BW allows the UE to detect the LP-WUS in relatively shorter time, hence the LP-WUR needs to be turned off quickly to save power.  In comparison, if a smaller BW is used, then UE may need to run the LP-WUR for a longer time. In additional, the Rx power consumption (e.g., RF portion) for different BW options also needs to be considered. 

· WUS Multiplexing: as discussed in earlier section, the LP-WUS may need to support conveying UE/UE group IDs. One possible design is to configure different WUS monitoring occasions for different UE/UE groups, similar to LTE eMTC design. With smaller BW options, the gNB may be able to multiplex different WUS occasions on the system BW. For example, four 5MHz LP-WUS occasions may be configured across a 20 MHz band. On the other hand, gNB could also multiplex the different LP-WUSs in the time domain (i.e., TDM), and let each LP-WUS use the full bandwidth.  

· Power boosting: another design possibility is to use a smaller BW but allows power boosting (compared to other signals). For example, we could convey the same power over 5MHz with 6dB power boosting than transmit regular PSD at 20 MHz. Depending on the Tx implementation, power boosting may not always be possible. 

· Guard band: for OOK based LP-WUS waveform, a guard-band may be needed between the LP-WUS and other NR signals. In this case, having a smaller LP-WUS BW may allow a larger guardband for the LP-WUS. 

With the above discussion, some possible options for WUS BW configuration are 1MHz, 5MHz, and 20 MHz. RAN1 shall study the pros and cons of each of the options and determine a proper BW configuration. 

Proposal 3: RAN1 shall study the minimum amount of information conveyed by LP-WUS to support necessary functionalities, and the bandwidth configuration for LP-WUS. 
· The LP-WUS shall at least support multi-user capability to be able to support addressing to more than one UE/UE groups per cell

Synchronization
The clock difference between network (NW)/gNB and WUR duty cycle may lead to a timing mismatch problem as shown in Figure 6. NW will send the WUS in the expected WUR active/on time duration or on certain WUS monitoring occasions. However, timing of between WUR and WUS monitoring occasion is not aligned which will lead to timing problem. The timing mismatch problem will decrease the reliability of detecting WUS.
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[bookmark: _Ref115424574][bookmark: _Ref115424563]Figure 6: Impact of Clock Drift on WUS monitoring

In order to adjust timing, a first approach is that the NW transmits continuous broadcast synchronization signal to UEs, similar to SSB. This synchronization signal is referred to as low power synchronization signal (LP-SS). The periodicity of the LP-SS will depend on timing synchronization requirement under certain clock uncertainty (i.e., clock frequency drift and clock maximum frequency error) at the UEs. Note that the cost of adding such synchronization signals to the system is that the power consumption at WUR will increase due to monitoring of the LP-SS and the overhead at the NW side will increase. The NW can reduce the overhead of LP-SS (use large periodicity), based on the clock accuracy of the UEs, by adjusting the LP-SS periodicity. 

A second approach is to include a low-power synchronization preamble (LP-sync-preamble) signal to each WUS. In this approach, the UE will keep monitoring for the LP-sync-preamble signal and the WUS. However, this solution cannot fully solve the synchronization problem, since once the WUR starts to monitor the preamble-WUS signal (after an off state at WUR), the WUR will not be able to determine its exact timing and may be already in a full mismatch as explained above Figure 6. To avoid such problem, the WUR will need to perform continuous monitoring of the preamble and WUS. Hence, this approach of using LP-sync-preamble signal may not be enough for synchronization and is power consuming since the WUR will have to continuously monitor for the WUS.  

A third approach, which we refer to as a hybrid synchronization approach, is to have both signals and control the periodicity of the LP-SS, to reduce the NW overhead, based on clock accuracy of the UEs. This approach can leverage the benefits of both LP-SS and LP-sync-preamble signal. In particular, the LP-SS will be used to fix most of the timing errors and reduce the possible timing or position of the preamble and WUS. The remaining timing errors, and improved detectability of WUS, can be achieved with using the LP-sync-preamble signal. In this case, the LP-sync-preamble signal will help in further refine/coarse synchronization, i.e., a second level of synchronization, and improve the detectability of WUS. 

In the following, we discuss the LP-SS-only synchronization approach, LP-sync-preamble signal only synchronization approach, and the hybrid synchronization approach where the NW transmits both sync signals.

LP-SS based synchronization

In this approach, the NW can configure periodic low power synchronization signals (LP-SS) to help synchronization of LP-WUR as shown in Figure 7. The UE can use LP-SS to resync and calibrate its own clock, adjusting its timing to receive the WUS signals. 
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Figure 7: Low Power Sync Signal (LP-SS) for synchronization

Clock accuracy is characterized with two main parameters: clock frequency drift F’, which measures the frequency drift of the clock over time (ppm/sec), and the maximum frequency error Fe, which measures the maximum frequency error (ppm). Once the UE receives a LP-SS, it will reset the clock, then the clock will start to drift over time with a rate of F’ which is much smaller than the maximum frequency drift. 

[bookmark: _Hlk115163141]To clarify the impact of synchronization signal to reset the clock, assume at time t=0, the WUR was fully synced as shown in Figure 8. Assuming clock frequency drift is F’, at time t=T, the WUR timing will be T+, wherein  during the non-linear transition time. Once , wherein  is the maximum clock frequency error, . As shown from expressions, once the WUR resets the clock, the drift is smaller since  is much smaller than . The LP-SS will help in resetting the clock, which will result in small timing ambiguity around the WUS monitoring occasions, and full mismatch between WUR timing and WUS monitoring occasion timing can be avoided.
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Figure 8: Time Drift

The increased value of  will result in more ambiguity at the WUR. If there is no LP-SS, or no periodic timing correction signals, the WUR will have to continuously search for WUS to determine whether it is present or not. The WUR operation will last for a long time until it detects a WUS, which is power consuming for the UE.


Observation 2: LP-SS can help in synchronization of the LP-WUR and reduce complexity of buffering for an entire WUS periodicity, which is in order of seconds or minutes.

LP-sync-preamble signal based synchronization

In this approach, a WUS signal is preceded by a preamble signal/sequence for synchronization as shown in Figure 9. The preamble helps WUR to synchronize and detect potential WUS being transmitted from NW. This solution can be viewed as a replacement of LP-SS, however, as explained earlier, due to large timing error, this solution cannot fully solve the synchronization problem, since once the WUR starts to monitor the preamble-WUS signal (after an off state at WUR), the WUR will not be able to determine its exact timing and may be already in a full mismatch as shown in Figure 6. To avoid such problem, the WUR will need to perform continuous monitoring of the preamble and WUS. Hence, this approach of using LP-sync-preamble signal may not be enough for synchronization and is power consuming since the WUR will have to continuously monitor for the WUS.
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Figure 9: LP-sync-preamble preceding WUS

Observation 3: LP-sync-preamble signal can be used for synchronization. However, it requires continuous monitoring by WUR, which is power consuming at the WUR. 


Hybrid LP-SS and LP-sync-preamble signal

In this solution, the NW will transmit both sync signals. That is, to reduce the overhead of LP-SS, the NW can configure preamble synchronization signal and reduce the periodicity of the LP-SS, as shown in Figure 10. In this hybrid design, most of timing errors will be fixed by the LP-SS, which will reduce the search for WUS, then refinement/coarse synchronization will be done by the LP-sync-preamble signal and will improve the WUS detectability.
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Figure 10: Hybrid LP-SS and LP-sync-preamble signal

Observation 4: LP-sync-preamble signal can be used with LP-SS to further help in reducing synchronization errors.

Proposal 4: Study pros and cons of LP-sync-preamble signal vs LP-SS schemes as methods for synchronization for WUR.


LP-WUR Monitoring Schemes 
The main important feature of the LP-WUR is its low power consumption, however, it is not necessary for LP-WUR to operate in the always on mode for continuously monitoring LP-WUS. 

Firstly, keeping LP-WUR always on is not power efficient. Dependent on the receiver implementation, the LP-WUR monitoring power consumption is on the order of hundreds of uW or higher close to 1mW or lower. If the LP-WUR power consumption is close to 1mW or if the latency requirement is low, the MR with a long DRX cycle may consume similar power as the LP-WUR always on mode, and the power saving gain from the LP-WUR will not be so attractive. 

Secondly, the LP-WUS transmission can be more flexible for the always on mode, e.g., not limited to preconfigured WUS resources. To enable LP-WUR to detect the start of a LP-WUS transmission, each LP-WUS should be prepended with a preamble which is used for symbol timing recovery. The preamble length cannot be too short for enabling the reliable detection, however, a long preamble will increase the LP-WUS overhead. 

Lastly, false alarm (FA) may occur more often due to continuous LP-WUS monitoring. The false alarm will trigger unwanted MR wakeup, which is very costly in power consumption especially for continuous monitoring case. To avoid increase of FA, a lower FA target rate may be needed for the always on LP-WUR, but the lower FA target rate may degrade the missed detection performance or relying on NW to increase the LP-WUS sequence length. 

To further save power, a duty cycle monitoring mode can be configured for LP-WUR. That is, LP-WUR wakes up based on a given duty cycle as shown in Figure 11, and LP-WUS is transmitted only when LP-WUR is active for monitoring. In such case, periodic resources for LP-WUS transmission should be pre-configured. The periodicity and duration for LP-WUR monitoring can be based on the latency requirement for paging reception. The NW can configure UEs with different monitoring patterns based on the traffic requirement or UE types. There could be one or multiple LP-WUR monitoring patterns in a cell.
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                                                                   Figure 11: WUR Duty Cycled Operation


For the duty cycled mode, LP-WUR needs to be synchronized with gNB so that it can wake up at the correct timing to receive the LP-WUS. However, the clock drifting may lead to a timing mismatch problem for LP-WUS monitoring. For example, a 20ppm clock inaccuracy results in a maximum accumulated timing error of 20 us per second. For some IoT use cases, the average paging inter arrival time can be up to tens of minutes to hours, and in such case the accumulated timing error due to clock drift can be very large, e.g., 10*60*20us=12ms for 10 min paging interval. Therefore, some mechanisms are needed to solve this problem. 
 
Observation 5: Continuous LP-WUS monitoring is not power efficient.

Proposal 5: A duty cycled monitoring scheme should be supported for LP-WUR. RAN1 should study the duty cycle configuration for LP-WUS monitoring considering given target power and latency requirement.

Paging Monitoring using LP-WUS
There are the following three options for paging monitoring using LP-WUS as shown in Figure 12.
· Option 1: WUS carrying UE-ID triggers MR wakeup for RACH
· Option 2: WUS triggers MR wakeup for paging monitoring
· Option 3: WUS triggers MR wakeup for PEI monitoring

For Option 1, LP-WUS carries UE ID information. If LP-WUS is detected, UE assumes it is paged and follows the same procedure as the reception of a paging message via paging PDSCH, e.g., initiating the RRC connection establishment or resumption procedure. In other words, UE is not required to process the paging PDCCH on the upcoming PO for receiving the paging message but instead transmit PRACH in the uplink to (re)establish RRC connection. The advantage of option 1 is the potential paging latency reduction, however, high data rate is required for LP-WUS. Assuming 40bits UE ID, the maximum data rate of LP-WUS can be on the order of hundreds of kilobits per second. Since LP-WUS may use a simple modulation and waveform such as OOK, it is difficult to support high data rate, especially for full coverage LP-WUS. Although partial UE ID can be transmitted in LP-WUS to reduce the data rat, UE is then required to monitor the paging on the upcoming PO when MR is waked up based on LP-WUS. The benefits of option 1 are then reduced. 

In the second option, the procedure for LP-WUS monitoring can be the same as Rel-17 PEI. That is, each LP-WUS occasion is associated with one or more POs, and each LP-WUS transmission indicates whether the UEs in the associated PO(s) have new page. If a positive indicator is received, UE wakes up its MR for paging. It is noted that the same or different paging wakeup indication can be transmitted in LP-WUS and PEI. If the same paging wakeup indication is sent in both LP-WUS and PEI, it is up to UE to choose which types of wakeup signal to get its paging wakeup indication. In other words, LP-WUS is designed to replace PEI. 

Both option 1 and 2 may require LP-WUS carrying more than one bit information, coverage enhancement may be needed for LP-WUS with high data rate. Option 3 tries to avoid that by using a two-stage wakeup indication.  If a UE receives wakeup indication in LP-WUS, it wakes up the MR to monitoring PEI. If PEI indicates wakeup for the paging subgroup to which UE is associated with, then the MR is fully on for paging reception. The benefits of option 3 are to avoid unnecessary paging monitoring due to the false alarm of LP-WUS and thus achieve more power saving gain since the PEI reception consumes less power than paging monitoring. The disadvantage is that LP-WUS is required to transmit before PEI resulting in a large gap between LP-WUS and the associated PO. 
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Figure 12: Paging monitoring using LP-WUS


Based on the above discussion, it can be seen that UE behaviors for paging monitoring could be quite different when MR is waked up after receiving the LP-WUS. It is highly dependent on LP-WUS payload design, the maximum data rate supported by LP-WUS and the target power consumption. Therefore, we have the following observation and proposal. 

Observation 6: Dependent on the LP-WUS payload design, there could be different UE behaviors for paging monitoring when MR is waked up after receiving the LP-WUS.

Proposal 6: RAN1 should study whether UE is required to process the upcoming PO and/or monitor Rel-17 PEI when MR is waked up after receiving the LP-WUS.

In Rel-18 LP-WUR, latency is important requirement in use cases of interest. Comparing with eDRX, LP-WUR can largely reduce the paging latency via operating in a relatively short duty cycle. For UE with mobility use case (i.e., asset tracker/wearables), frequent RRM is needed and thus LP-WUS can be configured with I-DRX (e.g., 2.56sec) and RRM offloading to LP-WUR can further help power saving. For stationary UEs use case (e.g., wireless sensors/actuators in fixed location), frequent RRM measurement is not needed and LP-WUS (e.g., 2.56sec) + eDRX (tens of seconds/min) combination could work better since RRM requirement is naturally relaxed due to long eDRX cycle and low power is naturally achieved. Therefore, LP-WUS + eDRX combination could be possible option to consider.


Observation 7: Combination of LP-WUS and eDRX is beneficial for stationary UE use cases that do not require frequent RRM measurement.

Proposal 7: RAN1 should study LP-WUS + eDRX combination.
RRM Measurement with LP-WUR
When UE operates in idle states (RRC-IDLE and RRC-INACTIVE), UE might need to perform RRM measurement, cell re-selection if triggered and paging monitoring every I-DRX. RRM measurement includes both serving cell and neighbour cell measurement. The need for neighbour cell measurement is determined by the serving cell status, e.g., neighbour cell RRM starts only when serving cell quality does not fill certain conditions. For the serving cell measurement, the following is specified in TS 38.133 [2].



	The UE shall measure the SS-RSRP and SS-RSRQ level of the serving cell and evaluate the cell selection criterion S defined in TS 38.304 for the serving cell at least once every M1*N1 DRX cycle; where:
M1=2 if SMTC periodicity (TSMTC) > 20 ms and DRX cycle ≤ 0.64 second,
otherwise M1=1.




The value of N1 is different for FR1 and FR2. For FR1, N1 is equal to 1. It means that NR UE should perform serving cell measurement every 1 or 2 paging DRX cycles. Therefore, RRM measurement is a significant contributor to the overall power consumption in RRC idle or inactive state.

In Rel-16, the relaxing RRM measurement for intra-frequency or inter-frequency/inter-RAT frequency is allowed for UEs not at cell edge and/or with low mobility. In Rel-17, additional relaxation measurement criteria are defined, i.e., for supporting stationary RedCap UEs. However, it is noted that no relaxation is so far allowed for the serving cell RRM. This may be because the serving cell RSRP/RSRQ measurement is more important and used to evaluate neighbour cell RRM relaxation.

When LP-WUR is introduced, one option is that LP-WUR monitors WUS only and RRM measurement is still done by MR. However, the power saving gain would not be high since the MR needs to frequently wake up for the serving cell measurement. In such case, the serving cell RRM can be bottleneck for power saving since no relaxation is supported.

Another option is to relax serving cell RRM measurement or offload some RRM functionalities to LI-WUR. Considering the relaxing RRM measurement is currently restricted only to UEs not at cell edge or with low mobility, and if the same principle is reused for the serving cell RRM relaxation, UEs in cell edge or not with low mobility have to frequently wake up the MR for RRM measurement and then the power saving gain from LP-WUR is very limited. Therefore, offloading some RRM measurement functionality to LP-WUR is much desirable.

For RRM offloading to LP-WUR, it should be studied whether the measurement can be based on LP-WUS, or a new low-power RS to be introduced for such purpose. Additionally, a new metric may need to be defined, such as the LP-WUR based RSRP or RSRQ. 

Observation 8: If RRM measurement is done by MR, MR wakeup is governed by RRM measurement and power saving gain from LP-WUR is very limited.

Proposal 8: Some RRM measurement functionality can be offloaded to LP-WUR. RAN1 should study what reference signal is used for the LP-WUR based measurement and the definition of the new metrics 
Conclusion
In this contribution, we discussed LP-WUS waveform options and generation methods considering coexistence with CP-OFDM waveform. LP-WUS coverage, payload size, and bandwidth have been discussed as part of LP-WUS design. Synchronization is a crucial part of LP-WUS/WUR design since LP-WUR could have very limited energy budget and clock source. To enable such LP-WUR in synchronized/slotted cellular system, it is necessary to have appropriate mechanism to help synchronization. Offloading RRM to LP-WUR is identified as one of key techniques enabling high power saving gain. Based on discussion, we have following observations and proposals.

Observation 1: Approach 1 (DFT-s-OFDM based OOK) and Approach 2 (OFDM-based LS approximation) both results in time-domain OOK signals with very similar waveform and BER. Approach 1 is easier to implement than Approach 2.

Proposal 1: RAN1 shall study method to generate time-domain OOK waveform that is compatible with CP-OFDM to allow in-band co-existence between LP-WUS and other existing NR signals.

Proposal 2: The LP-WUS coverage shall strive to match the coverage of NR (e.g., NR paging PDCCH coverage).  

Proposal 3: RAN1 shall study the minimum amount of information conveyed by LP-WUS to support necessary functionalities, and the BW configuration for LP-WUS. 

Observation 2: LP-SS can help in synchronization of the LP-WUR and reduce complexity of buffering for an entire WUS periodicity, which is in order of seconds or minutes.

Observation 3: LP-sync-preamble signal can be used for synchronization. However, it requires continuous monitoring by WUR, which is power consuming at the WUR. 

Observation 4: LP-sync-preamble signal can be used with LP-SS to further help in reducing synchronization errors.

Proposal 4: Study pros and cons of LP-sync-preamble signal vs LP-SS schemes as methods for synchronization for WUR.

Observation 5: Continuous LP-WUS monitoring is not power efficient.

Proposal 5: A duty cycled monitoring scheme should be supported for LP-WUR. RAN1 should study the duty cycle configuration for LP-WUS monitoring considering given target power and latency requirement.

Observation 6: Dependent on the LP-WUS payload design, there could be different UE behaviors for paging monitoring when MR is waked up after receiving the LP-WUS.

Proposal 6: RAN1 should study whether UE is required to process the upcoming PO and/or monitor Rel-17 PEI when MR is waked up after receiving the LP-WUS.

Observation 7: Combination of LP-WUS and eDRX is beneficial for stationary UE use cases that do not require frequent RRM measurement.

Proposal 7: RAN1 should study LP-WUS + eDRX combination.

Observation 8: If RRM measurement is done by MR, MR wakeup is governed by RRM measurement and power saving gain from LP-WUR is very limited.

Proposal 8: Some RRM measurement functionality can be offloaded to LP-WUR. RAN1 should study what reference signal is used for the LP-WUR based measurement and the definition of the new metrics
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