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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 LP-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
2.1 General waveform considerations 
In previous meetings, possible waveform candidates for LP-WUS have been discussed.  In particular, three family of waveform choices have been agreed to be studied. 
· Option 1: CP-OFDM based WUS
· Option 2: On-Off keying (OOK) based WUS
· Option 3: Frequency shift keying (FSK) 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. 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. 

FSK is another candidate waveform for the LP-WUS. Similar to the OOK waveform, it can be detected noncoherent with an envelop detector with proper (RF, baseband) filters.  The main different between FSK and OOK from a receiver implementation perspective is that, for OOK the receiver may need at least two filters targeting different frequencies. We will discuss the pros and cons of FSK based waveform, and compare its performance to OOK based waveform in later sections. 

2.2 Generation of CP-OFDM-compatible OOK and FSK waveform
In RAN1#112bis-e, the following agreements were made regarding the LP-WUS waveform generation. 

	Agreement
· Study further following alternatives to carry the LP-WUS information using: 
· Alt 1: by sequence(s) detection/selection  
· FFS sequence type
· Alt 2: by encoded bits 
· FFS: what type of encoding scheme
· FFS: with or without other bits (e.g. CRC/FCS)
· Other alternatives are not precluded
· Study whether LP-WUS information needs to be preceded by known one or more sequence(s).


Agreement
Study further methods to modulate input signal of the DFT/Least-Square block for OOK-4, and methods to modulate input signal of N SCs for other MC-ASK/FSK schemes
· study methods with respect to 
· improving frequency diversity by flattening the spectrum, frequency repetition and frequency hopping
· impact to dynamic range of RE power in frequency domain
· FFS: impact to PAPR of generated time domain modulated MC-ASK/FSK symbol
· improving robustness to timing error necessary spectrum adjustment for compatibility with CP-OFDM generation

Agreement
· Study techniques/mechanisms to enhance coverage performance of LP-WUS
· Study potential gains available as well as drawback(s) of the technique(s)/mechanisms(s), e.g. system overhead, increased complexity network energy consumption etc…
· Study potential issues and corresponding solutions for the case when LP-WUS coverage is insufficient 
· At least study fallback mechanisms where the Main Radio switches to legacy operation in case the channel condition of LP-WUS is not sufficient, e.g. below threshold.






In this section, we discuss some remaining details on generating the OFDM-compatible FSK and OOK waveforms. In particular, we focus our discussion on Option OOK-4 and Option FSK-1.  As we discussed in our previous RAN1 contributions, Option OOK-4 with DFT transform has similar performance with Option-4 with least square approximation. Therefore, we further focus the discussion and study of Option OOK-4 on DFT transform. 


In Option OOK-4, we first generate ideal (up-sampled) M-point OOK symbols, and modulate them to the CP-OFDM time/frequency resources using DFT transform or using least square. However, since the receiver only works with the amplitude of the signal and ignores the phase of the received signal, the transmitter may have some freedom to select the phase of the transmitted signal.  In particular, in terms of up-sampling, there can be two options, as shown in Figure 1.  In the first option, the ON signal is repeated by the same signal (denoted by the all one vector in the figure). We denote this option as single-carrier-OOK (SC-OOK). In the second option, the ON signal is represented by a sequence of symbols with the same magnitude but different phases (e.g., random phases, or pre-defined phase sequences, e.g., an existing sequence type in NR, such as Zadoff-Chu sequence or QPSK-based Gold Sequence). We denote this option as multi-carrier OOK (MC-OOK).
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[bookmark: _Ref115250434]Figure 1: DFT-s-OFDM based OOK generation

The main difference between the two approaches is that they have very different power spectrum density, as shown in the next figure.  
[image: ]
[bookmark: _Ref134690652]Figure 2: power spectrum density of SC-OOK vs MC-OOK


In SC-OOK, although the signal occupies the whole bandwidth of the LP-WUS, but the most significant part of the power spectrum is limited to a few tones around the center of the allocation, that correspond to the information (e.g., 28kbps in case 1 bit in conveyed per OFDM symbol in a 30KHz subcarrier spacing). In other words, the transmission of SC-OOK is a narrow band transmission with 3-dB bandwidth being much smaller than the actual signal bandwidth.  

In MC-OOK, however, due to the random phase information transmitted in the time domain, the power spectrum is equally distributed around the LP-WUS bandwidth, which can be much larger than the information rate associated with the OOK. The main benefit of the MC-OOK compared to SC-OOK is that, it is more robust against frequency selective fading. This is very important for LP-WUS design since the diversity from spatial domain is very limited due to limited # receive antennas available to use for the LP-WUR. 

Observation 1: For Option OOK-4,  modulating the input signal of the DFT block (with random phase sequence or pre-defined sequences, e.g., Zadoff-Chu sequences) may help achieve a uniform power spectrum density, thereby making the OOK transmission more robust against frequency selective fading (or equivalently increasing the frequency diversity).  


The difference in the spectrum shape of the LP-WUS resulting from using different types of signals modulating the pre-DFT signal may also have a big impact on the receiver design. For example, if the spectrum shape is very peaky as shown in the SC-OOK signal, then the receiver may use a very narrow band filter (much smaller than the WUS bandwidth) to obtain the desired signal. This can help in combating intra-cell interference, as this may leave a large effective gap between the peak of the LP-WUS in frequency and other regular NR OFDM signals from the same cell. Also, having a narrower filter will reject the noise and inter-cell interference more effectively.  On the other hand, if the spectrum is flat, then the receiver shall set the Rx filter to be at least the same as the LP-WUS bandwidth. Furthermore, it is not difficult to get a pre-DFT signal whose spectrum shape is in between the MC-OOK and SC-OOK as depicated in Figure 2, to strike a good balance between interference/noise rejection and frequency diversity. 

In other words, knowledge about the spectrum shape of the transmitted LP-WUS signal is important for Rx implementation in the LP-WUR. 

Observation 2: For Option OOK-4,  it is beneficial for the LP-WUR to know the spectrum shape information (which is determined by the pre-DFT signal) of the LP-WUS in order to set the filter bandwidth accordingly to get the best tradeoff between rejecting noise and inter-/intra-cell interference, and keeping in the signal energy.    

There may be additional benefit for the receiver to know the exact pre-DFT signal/sequence. For example, a more advanced receiver may be able to obtain phase information of the received signal. In this case, knowing the exact pre-DFT signal may improve the detection performance. In the extreme case, the receiver may implement an OFDM based receiver, and detect the OOK signal as if it is an OFDM signal. This may improve the link budget of the OOK-based waveform for cell-edge UEs. 

Observation 3: A more advanced receiver may be able to exploit the structure of the pre-DFT signal to improve the detection performance at the expense of higher power consumption. 

One concern with using OOK and FSK waveform for LP-WUS is that, it may require new hardware to be implemented at the gNB transmitter. For example, from Figure 1, one may be tempted to argue that it requires the gNB to implement a DFT processor at the transmitter. However, this is not true. One way to avoid on-the-fly DFT processing is to pre-store the candidate post-DFT signals/signals corresponding to different LP-WUS information bits or LP-SS. When the number of information bits conveyed in an OFDM symbol is small, the memory required to store these signals are quite small (proportional to 2^m, where m denotes the # info bits per OFDM symbol, e.g., 4 or 8). 
 

Observation 4: For OOK (Option OOK-4) and FSK (Option FSK-1) , on-the-fly DFT processing may be avoided by pre-storing the frequency domain (post-DFT) signals corresponding to different information bits (within one OFDM symbol) at the gNB.  


2.3 Performance comparison between OOK and FSK

Impact of timing and frequency error
In this section, we study the performance of OOK vs FSK based LP-WUS. In particular, we examine the robustness of the two waveforms with respect to timing error and frequency errors. 

Throughout the simulations, the total bandwidth of the LP-WUS is 4.32MHz (12 RBs with 30KHz subcarrier spacing). For OOK, the WUS is generated via Option OOK-4 and with MC-OOK (i.e., random phases are used for the ON signal) as shown in Figure 1. We used two segments per OFDM symbol (aka, 2 chips per ODFM symbol), and Manchester code. 

For FSK, the WUS is generated via Option FSK-1 with 2 segments over the frequency domain. We leave a gap of 16 REs (480KHz) between the two segments in the frequency domain.  Similar to OOK, we use random phases in the pre-DFT signal to make the power spectrum of the resulting waveform flat. Hence, the scheme we used for FSK evaluation is MC-FSK. For a fair comparison, we make sure that the transmit power per OFDM symbol is the same between OOK and FSK.

On the receiver side, for OOK we use a 3rd order Butterworth filter with a cutoff BW equal to the bandwith of the WUS followed by a sampler.  For FSK signal, we used two 3rd order Butterworth filters with a cutoff BW equal to half of the total WUS bandwidth and center-ed around the frequency of the two segments. 

The simulation results with different timing error and frequency error conditions are shown in Figure 3 and Figure 4.  From the simulation results, we can see that, OOK signals is more robust against frequency errors/offsets than FSK. However, FSK is more robust against timing errors/offsets than OOK. This is expected since OOK modulates the information in time domain, whereas FSK modulate the information in frequency domain. 
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(a) FSK                                                                                                  (b) OOK
[bookmark: _Ref131704637]Figure 3: BER comparison between FSK and OOK with frequency errors
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(a)  FSK                                                                                                  (b) OOK
[bookmark: _Ref131704642]Figure 4: BER comparison between FSK and OOK with timing errors 

Observation 5: at the same data rate, OOK (with Option OOK-4) is more robust against frequency error than FSK (with Option FSK-1), and FSK is more robust against timing error than OOK. 


Sampling rate comparision

Next, we compare OOK vs FSK performance directly at different sampling rates at the receiver, under ideal timing/frequency assumptions. For a fair comparison, we used the same data rate and bandwidth between FSK and OOK. There are three interesting observations from the following figure.

· First of all, although the data rate of the transmission is very low (30K bits/s), the sampling rate needs to match the actual bandwidth of the transmitted signal in order to capture all the transmitted energy. For example, for OOK signal, if we use 2.16MHz sampling rate, we may loose 2 dB performance compared to sampling rate at 4.32 MHz. Further oversampling beyond the Nyquist rate of the WUS bandwidth may provide limited performance gains over fading channel. In other words, the minimum sampling rate without losing significant performance should be set according to the Nyquist rate of the total WUS bandwidth for MC-OOK. 

· Secondly, for the same total WUS bandwidth, FSK may require half sampling rate per frequency branch as OOK. To be more specific, in the simulation, we assumed that two baseband analog filers centered at the two FSK frequency segments are used prior to sampling. And we need separate sampling across the two frequency segments to perform decoding. Since each segment only occupies half of the total WUS bandwidth (i.e., 2.16MHz), it suffices to use a sampling rate of 2.16MHz per segments for FSK scheme. However, if we count the total number of samples collected for FSK and OOK, they are equivalent. 

· Last but not least, we observe that, over fading channel (TDL-C with 300ns delay spread), MC-OOK scheme is more robust against fading than MC-FSK. This is rather expected, since each MC-FSK segment only occupies half of the total BW than OOK. 
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Figure 5: BER comparison between OOK and FSK with timing errors 




Observation 6: For MC-OOK (with Option OOK-4) and MC-FSK (with Option FSK-1), the sampling rate at the receiver needs to be set according to the bandwidth of the effective signal, which can be much larger than the information/data rate of the OOK/FSK transmission. 

Observation 7: at the same data rate, MC-OOK (with Option OOK-4) is more robust against frequency domain selectivity (i.e., having a larger frequency diversity gain) than MC-FSK due to larger effective bandwidth. 

Impact of Guard band 
In Figure 6, we show the impact of guard band on BER performance of FSK. Guard band around WUS is 1RB was assumed. The WUS is placed at the center of carrier (30MHz). Adjacent subcarrier interference (ASCI) of 0dB was added around WUS.  The OOK waveform’s phase is randomized in time domain.

Observation 8: FSK is susceptible to ASCI. Having guard band around WUS could improve FSK performance. 
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[bookmark: _Ref134892993]Figure 6 Impact of guard band for FSK


 In Figure 7, we show the impact of guard band on BER performance of OOK. Guard band around WUS is 1RB was assumed. The WUS is placed at the center of carrier (30MHz).

Observation 9: OOK is robust to ASCI. OOK does not require guardband around LP-WUS.
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[bookmark: _Ref134893479]Figure 7 Impact of guard band for OOK

2.4 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 1: 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: Guard band may be helpful for rejecting adjacent channel interference in the edge of carrier. 

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 2: 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


2.5 Sequence design for LP-WUS 

As discussed in the previous section, it may be beneficial for the LP-WUS to support addressing to more than one UE/UE groups per cell.  For “payload size” that is smaller than 10 bits, it may be convenient to convey the LP-WUS information through sequences, and use sequence detection at the LP-WUR to detect whether a sequence associated with the given UE is transmitted by the gNB or not.    

The WUS sequence design problem was discussed in LTE eMTC. The design principle adopted there is the following. The gNB may be equipped with up to 8 WUS sequences per WUS monitoring occasion, and a UE may be configured to monitor up to 2 sequences (a cell-specific sequence and a UE group-specific sequence). In each WUS monitoring occasion, the UE tries to detect whether the configured (up to 2) sequence is transmitted by the gNB or not. The UE wakes up if it detects either of the up to 2 sequences are transmitted by the gNB. Otherwise, the UE does not wake up. Note that, in the latter case, the UE does not need to detect which sequences are transmitted by the gNB. It is important to notice that, this problem is different from the conventional sequence detection problem e.g., in the design of SSS in LTE or NR, where the receiver needs to detect which sequence is transmitted from a set of possible sequences.  


For LP-WUS design in NR, we think the same principle may be a starting point of the design. More specifically, we shall formulate the WUS detection/sequence design problem as follows. Assume that there are K sequences that can be configured for a given set of time/frequency resources for WUS monitoring. Let’s denote the sequences by  respectively. Each sequence is addressed to a particular UE or UE group. In a given LP-WUS occasion, the gNB may select one of the sequences to transmit, or it may not transmit anything. Consider the UE/UE group that is configured to monitor sequence  The WUS detection problem at this UE/UE group is a composite hypothesis testing problem between the following:
· True hypothesis : gNB transmitted 
· Composite null hypothesis : gNB transmitted one of  (denote this by ) or gNB does not transmit anything (denote this by ).  

More specifically, the detection algorithm shall optimize the following problem:

s.t. 
, j=1,…,K-1.

Where denotes a test whose input is the received signal Y and output is one of , representing the true or null hypothesis.

Generally, for the composite hypothesis testing, the optimal test may be selected to make sure all the K false alarm conditions are satisfied. In this case, an optimal test may need to correlate the received signal with all K possible sequences. This greatly increase the complexity of the receiver, and is undesirable for LP-WUR. Instead, it is desirable to design the WUS sequences such that the receiver only need to perform correlation with its intended sequence and yet still be able to meet all the K false alarm conditions above at the same time. For OFDM based waveform, this may be achieved by requiring the K sequences to be orthogonal to each other. For OOK based waveform, this may be achieved by designing the K (binary) sequences with a proper minimum distance profile. 


Proposal 3: Study sequence design for LP-WUS for OOK-based waveform and CP-OFDM waveform, that can be detected by the LP-WUR with low complexity.
· Existing binary sequences in NR (e.g., Gold sequence or M-sequence) can be considered as a starting point. 


2.6 Coverage enhancement techniques for LP-WUS 
For LP-WUS, one big limitation is that the receiver may have very limited antenna/Rx chains (e.g., 1). In this case, the detection performance may have very limited diversity. Techniques to improve the diversity of the reception may be very important. For CP-OFDM based LP-WUS, it is straightforward to exploit spatial diversity at the transmitter (i.e., transmit diversity) via techniques like precoder cycling or CDD. For OOK/FSK based LP-WUS, it may be more challenging to obtain transmit diversity, given the receiver may only perform envelop detection. As such the phase information of the transmitted signal may be missing. In this section, we discuss how to achieve transmit diversity for OOK/FSK based LP-WUS. As in other sections, we focus the discussion on OOK-4 and FSK-1. 

As a first approach, we may consider small delay CDD. This technique may be useful in case the channel has very limited freq diversity (e.g., TDL-A channel with small delay spread). The operation at  the transmitter side is exactly the same as in legacy OFDM systems, where a phase ramp can be applied on the frequency domain signal transmitted on some of  the transmit antennas. Equivalently, a cyclic shift may be applied in the pre-DFT signals in the time domain in OOK-4. However, for OOK signals, the CDD value may be carefully selected: having very small CDD may have limited diversity, but having large CDD value may affect the OOK detection performance, since it shifts the ON/OFF transition point in time across different Tx antennas. 

Another approach is to do precoder cycling at the transmitter side. Observe that, for OOK-4, each bit of OOK is modulated by a phase signal pre-DFT as discussed in Section 2.2. In this case, the transmitter may apply a “precoder” in time domain on the pre-DFT signal. For example, to transmit an on signal on two antennas, the transmitter could transmit [, ,.., ] on one antenna, and transmit , , ] on a second antenna, where , ,..,  are the pre-DFT signal for OOK-4 discussed in Section 2.2. As we can see, in this case, the first half of the on symbol is precoded by a [1,1] precoder, and the second half of the on signal is precoded by a [1,-1] precoder. Similarly, we can apply a 4X4 precoder when the transmitter has 4 antennas, and so on. In the remaining of the section, we shall refer to this scheme as intra-OOK precoder cycling, to highlight the point that the precoder cycling is applied within the on duration of an OOK symbol.

To examine the performance of different transmit diversity schemes, we provide some link level evaluations results in Figure 8 and Figure 9.
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[bookmark: _Ref134896193]Figure 8: Link-level performance comparison between different transmit diversity schemes for OOK-4 over TDL-C channel. In the simulation, we used a length-127 binary M-sequence as in NR SSS, with 8 bits per OFDM symbol over 16 OFDM symbols.   
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[bookmark: _Ref134896195]Figure 9: Link-level performance comparison between different transmit diversity schemes for OOK-4 over TDL-A channel. In the simulation, we used a length-127 binary M-sequence as in NR SSS, with 8 bits per OFDM symbol over 16 OFDM symbols.   

As we can see from the simulation results, indeed Tx diversity schemes can significantly improve the performance of LP-WUS detection rate over the baseline (1Tx and 1Rx), providing up to 8 dB performance gain at 1% mis-detection rate. 

For small delay CDD, we see that as expected, the cyclic shift value need to be carefully selected to optimize performance. 

Comparing small delay CDD to intra-OOK pre-coder cycling, we see that intra-OOK precoder cycling provides better diversity than small delay CDD, especially for TDL-C channel with 300ns delay spread. In TDL-A 30ns, a properly selected small delay CDD amount may achieve similar performance as precoder cycling with 2 Tx antennas, but with 4Tx antennas, intra-OOK precoder cycling outperforms.  


Observation 10: transmit diversity schemes such as small delay CDD or precoder cycling provides significant performance improvement for LP-WUS detection.
· On TDL-A channel with 30ns delay spread, up to 5 dB and 8 dB performance gain is observed at 1% misdetection rate and 1% false alarm with 2 and 4 Tx antennas, respectively.
· On TDL-C channel with 300ns delay spread, up to 2.5 and 5 dB performance is observed at 1% misdetection rate and 1% false alarm with 2 Tx and 4 Tx antenna, respectively.

Proposal 4: for LP-WUS coverage enhancement, study transmit diversity schemes such as small-delay CDD or precoder cycling for OOK and FSK-based waveform. 

L1 procedures for LP-WUS
1. 
1. 
1. Synchronization
The clock difference between network (NW)/gNB and LP-WUR duty cycle may lead to a timing mismatch problem as shown in Figure 10. NW will send the LP-WUS in the expected LP-WUR active/on time duration or on certain LP-WUS monitoring occasions. However, timing between LP-WUR and LP-WUS monitoring occasions is not aligned which will lead to timing problem. The timing mismatch problem will decrease the reliability of detecting the LP-WUS.
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[bookmark: _Ref131606926]Figure 10 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 LP-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 LP-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 LP-WUR starts to monitor the preamble-WUS signal (after an off state at the LP-WUR), the LP-WUR will not be able to determine its exact timing and may be already in a full mismatch as explained above Figure 11. To avoid such problem, the LP-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 LP-WUR will have to continuously monitor for the LP-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.

3.1.1 LP-SS based synchronization

In this approach, shown in Figure 11,  the NW can configure periodic low power synchronization signals (LP-SS) to help synchronization of LP-WUR as shown in Figure 11. 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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[bookmark: _Ref131606912]Figure 11 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 12. 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 residual frequency error from previous synchronization/calibration,  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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[bookmark: _Ref131607047]Figure 12 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.

In Figure 13, we show the absolute timing error cumulative distribution function (CDF) under OOK-based LP-SS. As shown in the figure, for a given clock accuracy of frequency drift 0.05 ppm/sec and a maximum frequency error of 5 ppm under TDL-C channel @-5 dB SNR, the increased LP-SS periodicity impacts the absolute timing error. Increasing LP-SS periodicity increases the timing error.



[image: ]
[bookmark: _Ref131607104]Figure 13 Impact of LP-SS periodicity on the CDF of the absolute timing error

Observation 11: 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.


Fr modelling with Clock Calibration

With periodic LP-SS transmission, receiver detecting two consecutive LP-SS is able to measure number of clock ticks and calibrate clock accordingly, e.g., by controlling voltage. This type of calibration could be done together with temperature-based clock compensation using look-up-table.

Calibration is done in a direction to reduce frequency error. Therefore, the post calibration residual frequency error (Fr) would be smaller than the error measured after long sleep. Note that the calibration process is not perfect, so, there could be remaining frequency error (Fr). Thus, we can model the residual frequency error (Fr) as a random variable.

In our analysis, we assume that the residual frequency error (Fr) is distributed equally from 0 to , where  is the previous  residual frequency error and  is time since past LP-SS detection time. Note that this is worst case scenario since it is uniform distribution. Any reasonable calibration technique would lead to look this distribution more like one with peak in the center (like truncated gaussian). 

Once calibrated, clock drift starting from a new frequency error  [ppm] with frequency drift rate  [ppm/sec].

In the following evaluation, we shows the evalution results for the case of perfect frequency calibration (i.e., Fr=0) and Fr based on this model (“Random Fr”).

Figure 14 shows the the impact of residual frequency error (Fr) vs SINR. As SINR increases the timing error decreases and the gap between Random Fr and perfect sync (Fr=0) decreases. In high SINR case, the detected LP-SS location gets more accurate due to low noise. This helps reducing timing error. 


[image: Chart, line chart

Description automatically generated]
[bookmark: _Ref131607142]Figure 14 Average absolute timing error decreases as SINR increases. The gap between perfect sync and model gets small as SINR increases.


3.1.2 LP-sync-preamble signal based synchronization

In this approach, an LP-WUS signal is preceded by a preamble signal/sequence for synchronization as shown in Figure 15. The preamble helps the LP-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 LP-WUR starts to monitor the preamble-WUS signal (after an off state at LP-WUR), the LP-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 LP-WUR will have to continuously monitor for the LP-WUS.
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[bookmark: _Ref131607173]Figure 15 LP-sync-preamble preceding WUS

Observation 12: LP-sync-preamble signal can be used for synchronization. However, it requires continuous monitoring by WUR, which is power consuming at the WUR. 


3.1.3 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 16. In this hybrid design, most of timing errors will be fixed by the LP-SS, which will reduce the search window for WUS detection, then refinement/fine synchronization will be done with the help of LP-sync-preamble signal. w will improve the detectability of WUS.
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[bookmark: _Ref131607205]Figure 16 Hybrid LP-SS and LP-sync-preamble signal


Observation 13: LP-sync-preamble signal can be used with LP-SS to further help in reducing synchronization errors.

Proposal 5: Study pros and cons of LP-sync-preamble signal vs LP-SS schemes as methods for synchronization for WUR.

Following Table summarizes the pro/cons of different synchronization method and signal and mapping to WUS monitoring schemes.

Table 3‑1 Comparison of three synchronization schemes
	
	(a) LP-SS
	(b) Preamble only
	(c) Hybrid
LP-SS + preamble

	Overhead
	Fixed overhead;
Depends on LP-SS periodicity. With LP-SS periodicity of 1.28 sec, the overhead is quite low compared to SSB.
This is more predictable to gNB resource scheduling point of view.
	Variable overhead;
Depends on the # of UEs paged. On average, if there is more than two or more UEs paged during one DRX cycle, then, the overhead gets larger than LP-SS.
	Somewhere in between the (a) and (b). When there are large number of UEs in the cell, shared LP-SS could save resources significantly, while helping sync for each UE based on preamble.

	RRM offloading
	Periodic LP-SS could directly used for offloading RRM.
	Since WUS may or may not be transmitted, it cannot be used for RRM offloading.
	Periodic LP-SS could be directly used for offloading RRM to LP-WUR.

	Power consumption
	Additional power consumption could be limited by duty cycled monitoring of LP-SS.
	LP-WUR should continuously monitor WUS to detect preamble, which increases power consumption.
	In between (a) and (b)


	WUS monitoring scheme
	Fit to duty cycled WUS monitoring
	Fit to continuous WUS monitoring
	Fit to duty cycled WUS monitoring




Proposal 6: Prioritize LP-SS or hybrid scheme (LP-SS+preamble) for synchronization study for LP-WUR.

1. 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 17, 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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[bookmark: _Ref131607266]Figure 17 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 14: Continuous LP-WUS monitoring is not power efficient.

Proposal 6: A duty cycled monitoring scheme is the baseline for LP-WUR monitoring. RAN1 should further study the duty cycle configuration for monitoring LP-WUS considering target power and latency requirement.


In RAN1#112 meeting, the following was agreed.

	Agreement
Study further pros and cons of the following monitoring behaviors of LP-WUR
· Option1: Duty cycle, corresponds to LP-WUR switches between ON/OFF states
· Option2: Continuous monitoring, corresponds to LP-WUR is ON all the time



In this section, we compute the false alarm probability of continuous monitoring. For continuous monitoring, as shown in Figure 18, the UE will typically make a sliding window to take a decision of LP-WUS (depending on LP-WUS number of samples). The UE will shift every sample, then make decision, because it does not know the LP-WUS location within the monitoring cycle (in our case, within the paging cycle). Each decision can be modeled by Bernoulli random variable of parameter P to find “the first time/attempt” and LP-WUS detection process for a given time duration including N decision could be modelled by N consecutive Bernoulli random variables. False alarm occurs if any of those N decision declares that WUS is detected. 

The probability that false alarm will occur is given as for N decisions in the given duration.



Decision by one sample
Assume a paging cycle of 1.28 sec with sampling rate of 19.2 MHz, 19.2*1.28*10^6, if we assume LP-WUR makes decision in every sample, as shown in Figure 15, then, the false alarm probability is almost 1, i.e.,  . If the UE increased the time between trials to reduce the false alarm by reducing the number of trials, the detection will be impacted (i.e., decreased).
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[bookmark: _Ref131607426]Figure 18 The case of decision is taken every sample.

Decision by window
One may claim that the above approach depicted in Figure 18 wherein decision is taken every sample duration is not accurate since the decision is correlated across a window if decision is taken every sample or few samples shift. Hence, a better approach is to take decision every number of samples equivalent to a LP-WUR duration, as shown in Figure 19. This will result in a number of decision of




 [image: Diagram

Description automatically generated with medium confidence]
[bookmark: _Ref131607511]Figure 19 The case of decision is taken every LP-WUS duration

Assume a LP-WUS is 0.5 ms (1 slot duration or 14 symbols) for a 30 kHz scs system and paging cycle of 1.28 sec, the number of decision that a LP-WUR will take is 


Using , the probability  is still




Figure 20 shows the behaviour of detection probability vs number of LP-WUS detection attempts/trials for a given per LP-WUS false alarm probability of 1%.
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[bookmark: _Ref131607643]Figure 20 LP-WUS false alarm for continuous monitoring (or multiple attempts per paging cycle)

The problem with taking discrete decision as above, unlike first approach, is that the LP-WUS may be allocated in between decision intervals as depicted below in Figure 21.
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[bookmark: _Ref131607727]Figure 21 True LP-WUS in between two decision regions/intervals



So, even with the attempts to reduce errors and false wakeups due to continuous monitoring and frequent decision, the continuous monitoring approach, unlike the duty cycle (where NW informs UE with certain occasions to monitor LP-WUS), the LP-WUS may be sent in between two LP-WUS decision intervals.

Figure 22 shows the false alarm probability for WUS with CRC of 24 bits. The max number of decision N is given as 4.32e6 times/sec *1.28 sec. As shown in the figure, during 1.28sec, the false alarm probability will be close to 0.3 even with CRC of 24bits which is the same length as PDCCH. Carrying 24bits of CRC in WUS would require the support of higher data rate and will would accordingly limit coverage. Performing CRC check for every WUS decision will be added up to increase average power consumption. 
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[bookmark: _Ref131607760]Figure 22 False alarm probability for WUS with CRC of 24 bits


Observation 15: Continuous monitoring of LP-WUS results in very high false alarm. Having even CRC of 24bits would results in false alarm probability of ~ 0.3 during 1.28sec, which is unacceptably high. High false wake up means unnecessary power consumption and increased average power.

Proposal 7: De-prioritize continuous WUS monitoring.

1. Content of LP-WUS
For content of LP-WUS, the following agreement was made in RAN1#112bis
	Agreement
· For IDLE/INACTIVE mode study at least following candidates for content of LP-WUS
· information on which user(s) is/are targeted by the LP-WUS
· e.g. UE-group, -subgroup or -ID
· FFS: cell information 
· FFS: SI change and ETWS/CMAS information, tracking area information, and RAN area information
· For CONNECTED mode, study at least following candidates for content of LP-WUS
· information on which user(s) is/are targeted by the LP-WUS
· e.g UE-group, -subgroup or -ID
· indication to wake-up to PDCCH monitoring.
· Other information candidates are not precluded
· Study pros and cons of including above information to LP-WUS. 
· Note: the information may be explicitly or implicitly indicated.



For RRC idle/inactive mode, the main use case for LP-WUS is for paging indication. We don’t see a strong need for LP-WUS carrying other information in addition to the paging indication. Among other contents, the cell information is mainly used for cell re-selection to allow UE to detect a change of the serving cell. Therefore, it should be carried by LP-SS instead of LP-WUS since RRM measurement is based on LP-SS. Regarding SI change and EDWS/CMAS information, they are currently included in short message in paging PDCCH. If LP-WUS is able to support addressing to a group of UEs sharing the same resource as in LTE eMTC WUS, it is not necessary to further include the SI change and ETWS/CMAS information in LP-WUS since we can use a single LP-WUS to wake up a group of UEs for receiving the paging short messag. The gain by including SI change and ETWS/CMAS information in LP-WUS is not obvious. 

Proposal 8: For idle/inactive mode, there is no need to include cell information, SI change and ETWS/CMAS information in LP-WUS

1. [bookmark: _Hlk134711982]Procedures for MR upon wake-up from ultra-deep sleep
In [7], it was discussed that there could be different MR wakeup procedures dependent on what information is carried by LP-WUS. For example, LP-WUS can carry per-UE indication to replace legacy paging or the per-group information of the associated PO like Rel-17 PEI.

If LP-WUS carries UE ID information, and when MR is waked up based on LP-WUS, UE is not required to monitor the PO for receiving the paging message but instead transmit PRACH to establish RRC connection. The claimed advantage of this option is the potential paging latency reduction since the time for receiving the paging message can be saved. Another possible advantage is very low false wakeup due to the use of per-UE indication, however, this requires full UE ID information to be indicated by LP-WUS. In case the 48-bit 5G-S-TMSI is used as the UE ID, the required data rate for LP-WUS be on the order of hundreds of kilobits per second, which is quite difficult for the simple OOK/FSK based waveform. However, if we use partial UE ID, e.g., truncating the 48-bit 5G-S-TMSI to less number of bits, to reduce LP-WUS data rate, there would be an increase of the false wakeup rate thus reducing power saving gain by LP-WUS. Figure 23 shows the performance of the false wakeup rate vs number of UE ID bits carried by LP-WUS. It can be seen that the required bit width is at least 10 for the per-UE indication in LP-WUS to achieve a target PFA of 0.1%. In other words, a maximum data rate of 128kbps is required for LP-WUS (assuming up to 32x4=128 UEs to be paged in one radio frame following the legacy paging mechanism)
 
Observation 11: It is difficult to indicate full UE ID information in LP-WUS due to the max rate limitation, and if partial UE ID is used then the required bit width should be at least 10 to achieve a target PFA of 0.1%.
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[bookmark: _Ref131607808]Figure 23  False wakeup rate for LP-WUS with partial UE ID


Alternatively, LP-WUS can indicate the group information of the associated PO and in such case LP-WUS can be used to replace Rel-17 PEI. The procedure for LP-WUS monitoring can be very similar to 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. The drawback of this option is the potential high false wakeup rate since UEs sharing the same PO may be waked up by the same LP-WUS. The unnecessary wake-up will lead to higher power consumption for other UEs even if no paging is for that UE. UE subgrouping is one effective approach to reduce the false wakeup rate and has been used widely in the previous release, e.g., for Rel-17 PEI. The network could have the flexibility to divide UEs into different subgroups which could be configured with different time/frequency resources for LP-WUS monitoring or the same time/frequency resource but with different sequences for LP-WUS. UE subgrouping will effectively improve the power saving gain. Considering the trade-off between the achievable gain and overhead, up to 8 UE subgroups per PO may be sufficient. We should also allow flexible configuration of the number of UE subgroups, e.g., based on the parameters, such as the paging probability, the maximum supported LP-WUS data rate etc. The total number of UE subgroups could be broadcast in SIB. The UE subgroup ID for LP-WUS monitoring could be implicitly derived, e.g., based on UE ID, the number of UE groups, etc 

Both option 1 and 2 may require LP-WUS carrying more than one bit information, and in some cases, it may be required to transmit only one-bit paging indicator in LP-WUS, e.g., for coverage improvement. Then a joint operation with Rel-17 PEI can be considered to avoid unnecessary paging monitoring and improve the power saving gain. When UE receives LP-WUS, it wakes up the MR firstly to monitor PEI. If PEI indicates a wakeup for the paging subgroup to which UE is associated, then the MR is fully on for paging reception. The monitor of PEI consumes less power than the paging message reception, and therefore it helps to improve the power saving gain due to the false wakeup by the 1-bit paging indicator. The disadvantage of this option 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 24 Paging monitoring using LP-WUS



Observation 12: LP-WUS for paging monitoring can indicate the group information of the associated PO similar to Rel-17 PEI and the false wakeup rate can be reduced based on UE subgrouping.

Proposal 9: A baseline procedure for using LP-WUS for paging indication can be same as R17 PEI. RAN1 should study whether UE can be indicated by LP-WUS to perform RACH without processing the upcoming PO or monitor Rel-17 PEI firstly when MR is waked up.

In RAN1#112bis, the following FL proposal was discussed.

	FL5-Lower-Proposal-17: 
· Regarding procedures for MR, upon wake-up from ultra-deep-sleep, for “Option 1: perform PO monitoring, and afterwards follow legacy procedures”, study whether a support of dynamic PO, i.e. PO outside of regular paging frame could reduce latency.
· FFS: Study whether the case where LP-WUS monitoring is configured together with PEI monitoring is beneficial to be supported 



Based on discussion, it is generally accepted that Option 1 performing PO monitoring and afterwards following legacy procedure should be the baseline and other options can be further studied. The controversial part is whether to consider additional enhancements for Option 1, e.g., support of dynamic PO. 

The motivation for dynamic PO is to reduce latency so that UE is not required to wait for the next available PO for paging monitoring. This may be useful when LP-WUS is configured with eDRX and LP-WUS is received outside the PTW of the eDRX and the next available PO for paging moniotoring may be far away from the current LP-WUS monitoring occasion. For the case of LP-WUS configured with I-DRX, the latency reduction benefit from dynamic PO is marginal due to the short DRX cycle and the small gap between LP-WUS monitoring occaision and the associated PO.



Observation 13: Dynamic PO may be useful for reducing paging latency when LP-WUS is configured with eDRX

Proposal 10: RAN1 study how to configure LP-WUS with eDRX and whether to support PO monitoring outside the regular PF/PO upon MR is waked up from ultra-deep sleep state.

1. Activation/Deactivation procedures of LP-WUS
The following FL proposal was discussed in RAN1#112bis.

	[bookmark: _Hlk134624682]FL5-Lower-Proposal-18: From RAN1 point of view, LP-WUS monitoring can be activated semi-statically and/or dynamically through MR. 
· FFS broadcast or UE-specific signalling
· FFS need for UE confirmation of gNB activation
· FFS activation by gNB based on UE request
· FFS: UE being able to autonomously decide whether to monitor PO or LP-WUS
· FFS: need for informing gNB about change of monitoring
· FFS: UE following criteria to determine whether PO or LP-WUS is monitored. 
· FFS: need for informing gNB about change of monitoring



The activation/deactivation of LP-WUS monitoring should consider the LP-WUS coverage. In RAN1#112bis meeting it was agreed to study coverage target and mechanism to extend LP-WUS coverage to make it comparable to PDCCH or PUSCH msg3. In case LP-WUS coverage is insufficient, UE should be allowed to decide whether to monitor LP-WUS or PO based on the channel condition. For UEs close to gNB, LP-WUS can be successfully received and UE should monitor LP-WUS when in RRC idle/inactive state. For UEs at cell edge, LP-WUS may not be successfully received or received but with a very high missed detection rate. Therefore, it is not desirable to moniotor LP-WUS. However, if UE is required to switch to legancy operation for PO monoitoring using MR, the power saving gain from LP-WUS cannot be achieved. 

Therefore, a hybrid MR and LP-WUR can be considered. That is, both MR and LP-WUR can be used but in a TDM manner. This would enable UE power saving since MR can stay in ultra-deep sleep state according to a configured time domain pattern. Also, to address potential LP-WUS missed detection, MR can be periodically activated for PO moniotoring. This may provide a best tradeoff between power saving and paging performance.  

Regarding whether to notify gNB about its decision on LP-WUS monitoring, it should be studied considering the impact on UE power saving and system overhead. If UE does not notify gNB about its decision for LP-WUS monitoring, gNB is required to transmit both LP-WUS and paging to the UE. If LP-WUS carrries per-UE indicator, then the same UE ID information is sent twice on both LP-WUS and paging causing a waste of resources. If LP-WUS carries the UE group or subgroup information, e.g., paging indication information, there is no DL overhead increase since UE is still required to monitor PO after MR’s wakeup. 

If UE reports its LP-WUS monitoring status to gNB, gNB is not required to transmit both LP-WUS and paging thus saving the overhead. The disadvantages are the increased power consumption since MR has to be activated for reporting. The signalling cost cannot be ignored since the UE is required to firstly set up RRC connection with gNB via RACH. For RRC inactive mode, it is possible to use SDT for reporting. However, the power consumption may still be high if UE’s decision for LP-WUS monitoring is frequently updated due to channel variation. 

Figure 23 shows an example of LP-WUS monitoring where LP-WUS is received by both UE 1 and 2. UE1 is the target of the LP-WUS, however, it cannot receive LP-WUS successfully due to bad channel condition. In such case, gNB may re-transmit LP-WUS in the next monitoring occasions, and the retransmitted LP-WUS may be missed again by UE1. Since LP-WUS carries the UE (sub) group information, UE2 is falsely waked up by the LP-WUS. If gNB continues to re-transmit LP-WUS to UE1, the re-transmitted LP-WUS may continue to falsely wake up UE2 thus increasing the overall power consumption. However, if gNB knows UE1 will wake up its MR for paging monitoring at a certain time,  gNB can decide not to re-transmit LP-WUS but transmit paging to the UE1 on the known MR wakeup time.  In such case, UE2 will not be frequently waked up with increased power consumption.
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Figure 25 LP-WUS monitoring and retransmission

Proposal 11: LP-WUS monitoring can be at least enabled or disabled on the cell level. RAN1 study whether MR can be periodically activated for paging monitoring if UE is activated for LP-WUS monitoring

1. 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 LP-WUR. Considering the relaxing RRM measurement is currently restricted only to UEs not at cell edge or with low mobility, 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. This limits the power saving gain as the MR cannot really go to deep sleep mode.

Significant reduction in power consumption can be achieved if some of the cell-reselection measurements can be offloaded to LP-WUR.  If UE is in good cell condition, e.g., stationary/low-mobility/not-at-cell-edge, most of the idle mode power consumption would come from serving cell measurements and evaluation. Therefore, we propose that LP-WUR can support measurements and cell selection criteria evaluation only on the serving cell​. It is easy to support and provide a good balance between UE complexity and power savings.

New cell selection criterion may be needed for LP-WUR based measurements​. It can be new thresholds​ or offset to legacy thresholds. Compared to the MR, LP-WUR may have limited measurement capability (e.g., due to the simple receiver architecture), and LP-WUR measurement may not have the same accuracy as MR measurement. Additionally, it should be studied which signal should be used for LP-WUR measurements. Since transmission of LP-WUS is on demand, e.g., triggered by paging, it may not be always available for measurement and a low-power synchronization signal (LP-SS) needs to be introduced for LP-WUR measurement. The LP-SS can be also used for LP-WUR synchronization to address the timing drift due to the clock inaccuracy. LP-SS can be transmitted with a much longer periodicity than SSB (and/or LP-WUS) as long as the timing uncertainty arising from the timing drift between two LP-SS occasions is not too much. It is noted that the LP-SS periodicity for measurement could be different from timing synchronization. To meet certain measurement accuracy, LP-SS may need to transmit with a short periodicity to allow combining more measurement results for cell selection criteria evaluation. However, frequent measurement will increase UE power consumptions. Therefore, LP-SS periodicity for RRM measurement needs to be studied considering power saving and target measurement accuracy. 

Observation 14: A low-power synchronization signal (LP-SS) needs to be defined for supporting RRM measurement performed by LP-WUR.

Proposal 12: LP-WUR can support measurements and cell selection criteria evaluation only on the serving cell. How to balance between power saving and measurement complexity should be studied. 


For RRM measurement based on LP-WUR, the following agreement was made in RAN1#112.

	Agreement
Study potential measurement metric used for RRM measurements performed by LP-WUR. 
· Examples of measurement metric are signal quality, signal power, detection rate of LP-WUS/synch signal
· Companies to report assumption of signal used for measurements



Next, we discuss the feasibility and accuracy of RRM measurement, and in particular RSRP measurement, based on LP-SS and LP-WUR. We consider the scenario where the LP-SS is modulated by OOK waveform, and spans 8 OFDM symbols with 16 Manchester coded bit per OFDM symbol. The LP-SS bandwidth is assumed to be the same as LP-WUS studied in Section 2, which is 4.32 MHz. 

For RSRP measurement based on OOK, we used a receiver that works as follows. The receiver performs time synchronization based on LP-SS, by correlating the received signal with different timing hypotheses and the transmitted OOK sequence. Then, we pick the timing hypothesis that yields the largest correlation metric. The RSRP is derived from this correlation metric with proper normalization. 

To check the accuracy of the RSRP measurement described above, we perform some link level evaluations. We consider a TDL-C channel with 300ns delay spread and 11 Hz doppler, and compare the measured RSRP with the genie RSRP. For fading channel, the genie RSRP is defined as the sum of the per-tap power of the fading channel in the time domain  across the LP-SS bandwidth (i.e., 4.32 MHz) multiplied by the signal transmit power. 

 As we can see from the Figure 26, in this case, the measured RSRP from LP-WUR is within  dB from the genie RSRP with >90% of time. Furthermore, the RSRP measurement accuracy is robust against the clock imperfections, e.g., frequency drift and frequency error (for typical values assumed in the  synchronization study in previous sections.) 
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[bookmark: _Ref131607979]Figure 26 CDF of Delta RSRP = Genie RSRP – LP-SS based RSRP


Observation 15:   dB delta RSRP relative to genie RSRP may be achievable 90% of the time using OOK based LP-SS at SNR=-3 dB and realistic clock model. 


As a reference, the RAN 4 requirement for RSRP measurement accuracy based on SSB for CA/DC idle mode is copied below. As we can see, the accuracy requirement of RSRP measurement based on LP-WUS (OOK) is able to meet this requirement. 
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Figure 27 RAN4 requirement for RSRP accuracy in CA/DC idle mode



RRM measurement in Connected Mode
According to the following agreement in RAN1#112bis, additional support of RRM measurement by LP-WUR for RRC connected mode needs further study.

	[bookmark: _Hlk134802372]Agreement
· For RRC connected mode, the following is assumed for LP-WUS study in RAN1
· RLM/BFD/CSI are performed by UE Main Radio (MR) 
· RRM measurements are performed by UE Main Radio (MR)
· Ultra-deep sleep state is not allowed for MR.
· Study additional support of RRM measurement by LP-WUR for RRC connected mode
· Study RRC connected mode LP-WUS functionality/purpose/procedures
· Study RRC connected mode LP-WUS activation/deactivation procedures.
· Study RRC connected mode LP-WUS BW, whether same as IDLE/Inactive mode or different 
· In RRC connected, study the relationship between LP-WUS and legacy UE power saving techniques.




One motivation for support LP-WUR based RRM measurement for RRC connected mode is to enable inter-frequency measurement gap to be relaxed. Currently, UE cannot performs inter-frequency measurement while also transmitting or receiving. The measurement gap would degrade both DL and UL data throughput and also increase the scheduling delay, which is not good for XR application. If LP-WUR can be used to perform inter-frequency measurement, its MR can transmit and receive traffic in parallel without interruption, thus better meeting the requirements for XR services. 

Enhancements on MG scheduling restriction have been studied in R18 XR SI and evaluation results showed significant capacity gains in many scenarios (Section B.1.7, TR38.835). For example, for FR1, DU, DL, with 100MHz bandwidth for VR/AR single-stream traffic model, 30Mbps, 10ms PDB, 60 FPS, with SU-MIMO and 64TxRU, it is observed that the capacity is increased from 2 UEs per cell with MG scheduling restrictions for inter-frequency measurements for all 20% UEs (6 ms MG length every 40 ms) to 8.7 UEs per cell with adaptation of MG period restrictions for inter-frequency measurements, corresponding to 335% capacity gain. If LP-WUR can be used to perform inter-frequency measurements in parallel with data traffic, we expect the capacity gain can be even higher. 

In addition to inter-frequency measurements, the LP-WUR based RRM measurement can also benefit UEs which need MGs to perform its serving cell measurements. Examples of such UEs include RedCap UEs whose dedicated BWP does not include CD-SSB.

Observation 16:  Support of RRM measurement by LP-WUR for RRC connected mode is beneficial for relaxing scheduling restriction within measurement gap. 

RRM Measurements Metrics by LP-WUR
Regarding metrics for LP-WUS based RRM, the following FL proposals were discussed in RAN1#112bis

	FL5-Higher-Proposal-10:
For at least RRM serving cell measurement performed by LP-WUR based on reference signals(s), RAN1 identified at least the following metrics for further study and evaluation 
· LP-RSSI or Energy detection: linear average of received power over a predefined RSSI resource.
·  FFS RSSI resource.
· LP-RSRP: linear average of received power of resource of reference signal(s) or signal(s) parts. 
· FFS resource of reference signal(s) or signal(s) parts
· FFS: LP-SINR = LP-RSRP/(power of interference and noise)
· FFS how to define “power of interference and noise”
· LP-RSRQ= [N x] LP-RSRP/LP-RSSI
· Alt1: N = size of resource of reference signal(s) or signal(s) parts / size of RSSI resource and
· Alt2: FFS: N
· FFS: Detection rate of always ON periodic reference signal(s) or LP-WUS
· FFS how to calculate/define detection rate
FFS: Feasibility of different receiver architectures to support the above metrics. E.g. need for ADC, AGC
Note: Reference signal for performing measurements can be e.g. SSB (PSS/SSS/PBCH DMRS), LP-WUS-waveform sequence (LP-SS)



For OOK using Manchester encoding, the RSRP measurement can be derived by comparing the power difference of the ON symbols and OFF symbols of the received signal. In other words, the RSRP metric is defined on the time domain resources rather than frequency domain resources, which are used for the existing metrics based on the SSB. 
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: For Option OOK-4,  modulating the input signal of the DFT block (with random phase sequence or pre-defined sequences, e.g., Zadoff-Chu sequences) may help achieve a uniform power spectrum density, thereby making the OOK transmission more robust against frequency selective fading (or equivalently increasing the frequency diversity).  

Observation 2: For Option OOK-4,  it is beneficial for the LP-WUR to know the spectrum shape information (which is determined by the pre-DFT signal) of the LP-WUS in order to set the filter bandwidth accordingly to get the best tradeoff between rejecting noise and inter-/intra-cell interference, and keeping in the signal energy.    

Observation 3: A more advanced receiver may be able to exploit the structure of the pre-DFT signal to improve the detection performance at the expense of higher power consumption. 

Observation 4: For OOK (Option OOK-4) and FSK (Option FSK-1) , on-the-fly DFT processing may be avoided by pre-storing the frequency domain (post-DFT) signals corresponding to different information bits (within one OFDM symbol) at the gNB.  


Observation 5: at the same data rate, OOK (with Option OOK-4) is more robust against frequency error than FSK (with Option FSK-1), and FSK is more robust against timing error than OOK. 

Observation 6: For MC-OOK (with Option OOK-4) and MC-FSK (with Option FSK-1), the sampling rate at the receiver needs to be set according to the bandwidth of the effective signal, which can be much larger than the information/data rate of the OOK/FSK transmission. 

Observation 7: at the same data rate, MC-OOK (with Option OOK-4) is more robust against frequency domain selectivity (i.e., having a larger frequency diversity gain) than MC-FSK due to larger effective bandwidth. 

Observation 8: FSK is susceptible to ASCI. Having guard band around WUS could improve FSK performance. 

Observation 9: OOK is robust to ASCI. OOK does not require guardband around LP-WUS.


Proposal 1: The LP-WUS coverage shall strive to match the coverage of NR (e.g., NR paging PDCCH coverage).  

Proposal 2: 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

Proposal 3: Study sequence design for LP-WUS for OOK-based waveform and CP-OFDM waveform, that can be detected by the LP-WUR with low complexity.
· Existing binary sequences in NR (e.g., Gold sequence or M-sequence) can be considered as a starting point. 


Observation 10: transmit diversity schemes such as small delay CDD or precoder cycling provides significant performance improvement for LP-WUS detection.
· On TDL-A channel with 30ns delay spread, up to 5 dB and 8 dB performance gain is observed at 1% misdetection rate and 1% false alarm with 2 and 4 Tx antennas, respectively.
· On TDL-C channel with 300ns delay spread, up to 2.5 and 5 dB performance is observed at 1% misdetection rate and 1% false alarm with 2 Tx and 4 Tx antenna, respectively.

Proposal 4: for LP-WUS coverage enhancement, study transmit diversity schemes such as small-delay CDD or precoder cycling for OOK and FSK-based waveform. 

Observation 11: 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 12: LP-sync-preamble signal can be used for synchronization. However, it requires continuous monitoring by WUR, which is power consuming at the WUR. 

Observation 13: LP-sync-preamble signal can be used with LP-SS to further help in reducing synchronization errors.

Proposal 5: Study pros and cons of LP-sync-preamble signal vs LP-SS schemes as methods for synchronization for WUR.

Proposal 6: Prioritize LP-SS or hybrid scheme (LP-SS+preamble) for synchronization study for LP-WUR.

Observation 14: Continuous LP-WUS monitoring is not power efficient.

Proposal 6: A duty cycled monitoring scheme is the baseline for LP-WUR monitoring. RAN1 should further study the duty cycle configuration for monitoring LP-WUS considering target power and latency requirement.

Observation 15: Continuous monitoring of LP-WUS results in very high false alarm. Having even CRC of 24bits would results in false alarm probability of ~ 0.3 during 1.28sec, which is unacceptably high. High false wake up means unnecessary power consumption and increased average power.

Proposal 7: De-prioritize continuous WUS monitoring.

Proposal 8: For idle/inactive mode, there is no need to include cell information, SI change and ETWS/CMAS information in LP-WUS

Observation 11: It is difficult to indicate full UE ID information in LP-WUS due to the max rate limitation, and if partial UE ID is used then the required bit width should be at least 10 to achieve a target PFA of 0.1%.

Observation 12: LP-WUS for paging monitoring can indicate the group information of the associated PO similar to Rel-17 PEI and the false wakeup rate can be reduced based on UE subgrouping.

Proposal 9: A baseline procedure for using LP-WUS for paging indication can be same as R17 PEI. RAN1 should study whether UE can be indicated by LP-WUS to perform RACH without processing the upcoming PO or monitor Rel-17 PEI firstly when MR is waked up.

Observation 13: Dynamic PO may be useful for reducing paging latency when LP-WUS is configured with eDRX

Proposal 10: RAN1 study how to configure LP-WUS with eDRX and whether to support PO monitoring outside the regular PF/PO upon MR is waked up from ultra-deep sleep state.

Proposal 11: LP-WUS monitoring can be at least enabled or disabled on the cell level. RAN1 study whether MR can be periodically activated for paging monitoring if UE is activated for LP-WUS monitoring

Observation 14: A low-power synchronization signal (LP-SS) needs to be defined for supporting RRM measurement performed by LP-WUR.

Proposal 12: LP-WUR can support measurements and cell selection criteria evaluation only on the serving cell. How to balance between power saving and measurement complexity should be studied. 

Observation 15:   dB delta RSRP relative to genie RSRP may be achievable 90% of the time using OOK based LP-SS at SNR=-3 dB and realistic clock model. 

Observation 16:  Support of RRM measurement by LP-WUR for RRC connected mode is beneficial for relaxing scheduling restriction within measurement gap. 
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