[bookmark: _Hlk37418177]3GPP TSG RAN WG1 #111	R1-2211271
Toulouse, France, 14-18 November, 2022

Agenda item:		9.13.3
Source:	Nokia, Nokia Shanghai Bell
Title:	L1 signal design and procedures for low power WUS
Document for:		Discussion and Decision
Introduction
[bookmark: _Hlk510705081]At the RAN#94-e meeting, it was agreed to study Wake Up Signal and Receivers designs.  These designs are to be primarily targeted at delay and power-sensitive, small form-factor devices, such as industrial sensors, controllers and wearables.  Unlike previous power saving study items, the objectives (see [1]) for this study encompasses new signals and new receiver architectures.

	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 contribution, we provide our thoughts relating to the third and fourth objectives regarding the wake-up signal design and procedure and protocol changes, specifically the:

· Wake Up signal design considerations
· L1 Procedures for low power WUS
· UE Measurements in idle/inactive mode (with and without mobility)
· UE Measurements in connected mode
· Other Procedures for low power WUS
Discussion
   Wake Up Signal Design Considerations                              
The wake-up signal design should consider different aspects to ensure the feasibility of LP-WUS use. The primary driver of LP-WUS design is to enable use of power efficient wake-up receiver (LR) architectures. The overall power consumption/saving is affected by multiple factors (such as mobility as discussed in Section 2.2), but the WUR contribution is an important factor to consider. Also, to ensure feasible deployment of the wake-up signal, the design should be such that it can be easily introduced in the existing NR deployments, e.g. without any hardware changes in network deployments. In following we consider different aspects related to the wake-up signal design. 
To achieve low power consumption of the WUR, different modulation schemes with low spectrum efficiency may be considered for the WUS signal, e.g. OOK (or MC-OOK). The WUS overhead in terms of radio resources shall be investigated.
The Signal Bandwidth
One elementary parameter for the LP-WUS design is the bandwidth of the signal as it will affect many aspects of the LP-WUS operation and LR design. Assuming higher bandwidth would allow higher signal power, but also result more noise power, so the receiver SNR may remain unchanged, thus the typically considered receivers may not benefit from this in terms of performance. However increased bandwidth will increase robustness against narrowband interference and fading. Also higher bandwidth per (e.g. OOK) symbol may result in lower spectrum efficiency, unless we use DFT-s-OFDM, and also offer fewer multiplexing opportunities and make coexistence with pre-existing signals more problematic.
Observation 1:  Wider LP-WUS BW can offer robustness against fading, but affects the spectrum efficiency and feasibility of multiplexing with other signals
On other hand Rel-17 RedCap devices are restricted to a RF/BB bandwidth of 20MHz and introduction of RedCap devices with further restricted BW, down to 5MHz, is being considered in Rel-18, thus limited LP-WUS BW could also enable wider adoption. Limiting the BW of LP-WUS transmission could enable wider use of LP-WUS in different type of deployments, with different transmission bandwidths, down to 5MHz and even below, which are supported in NR. Therfore, the trade-off between LP-WUS BW and e.g. data rate should be also conisdered.
Observation 2:  Having limited LP-WUS BW could allow adoption in different device types and enable use in different type of deployments. 
Higher bandwidth (more sub-carriers) could give more flexibility for the gNB when creating the WUS signal, which may e.g. allow to reduce PAPR (averaging the signal power across the symbols, rather than having steep peaks) and/or allow using a frequency domain sequence with good cross correlation properties that could be benefitted by more complex LR to e.g. increase sensitivity. Increased bandwidth also increases the tolerance to frequency offset in the LR. This can help simplify the design of the WUR (e.g. simpler/no LO) and thereby also reduce power consumption.
Observation 3:  Wider LP-WUS BW could enable support of more flexibility in signal generation and different signal characteristics and improve the tolerance to implementation impairments.
It is also expected that the bandwidth of LP-WUS would scale with the SCS, i.e. a fixed number of subcarriers are used independent of the SCS. At least to facilitate the LP-WUS generation, it would seem preferable to assume same SCS in LP-WUS generation as used in the carrier for other NR signals, and scale the LP-WUS symbol duration based on the applied NR SCS on the carrier.
Observation 4:  The effects of assumed SCS on the LP-WUS symbol duration should be studied.
Proposal 1: 	The SI evaluates the LP-WUS BW accounting performance/robustness and applicability to different device types and deployments. 
The structure of WUS signal.
When considering the LP-WUS structure, different elements can be seen beneficial depending on the purpose and targeted procedure/behaviour. Following the example of 802.11ba, the LP-WUS could be envisioned to incorporate different fields/elements to support different purposes. In Figure 1, we illustrate one possible generic structure of LP-WUS.


Figure 1: LP-WUS message with preamble, sync, payload and FCS/CRC fields.
The preamble and sync field may help to improve the detectability and reliability of the WUS signal irrespecitive of whether the LR is continuously or periodically listesting for an on-demand wakeup. The benefit of having each field in the LP-WUS signal shown in Figure 1 are as follows.
· Settling of comparator threshold voltage: In case of OOK and comparator-based receivers, the initial part of the preamble may be used for settling of comparator threshold voltage. If the preamble is a toggling sequence of 0’s and 1’s or if the preamble is a Manchester encoded sync word, the threshold voltage may be found by LP filtering the received preamble signal. In this case, the length of the preamble should be long enough to ensure reliable settling of the LP filter at the LR. On the other hand, the LP filter settling time shall be much longer than the ON/OFF duration to ensure that the threshold voltage is maintained across the ON and OFF symbols. 

· Detecting the alignment of the WUS message: To find the start of wake-up message payload, the preamble may be followed by a sync pattern, which could assist devices to establish timing alignment with the gNB. Furthermore, different sync patterns could be used to differentiate LP-WUS messages e.g. in terms of content or intended group etc. 

The payload field may contain different type of (encoded) information:
· Purpose/type of wakeup signal, to enable multi-purpose design, with varying payload size e.g. a wakeup signal could be configured as a 802.11ba style cell beacon
· Indentifiers such as cell ID or UE/group ID
· Other control information such as access type or short message etc. The exact content would be need to reflect the intended procedure and use case. 

Finally the check sum field at end can be added to minimize the false alarm rate (FAR) in the LR, since in each wake-up cycle of eMBB, whole system bring-up from ultra-deep sleep state together with cell re-sync is performed before monitoring the PO. Unlike waking from deep sleep, the wake-up from ultra-deep sleep state consumes 100x more power than the former, which undermines the benefit of LP-WUS framework. 

Observation 5:  It may be beneficial for some HW implementations to have a preamble, e.g. for comparator threshold settling. 
Observation 6:  A sync field may be added to help the LR to find the beginning of the WUS payload. The sync field pattern can be also used to distinguish content and target group. 
Observation 7:  Payload field can be used to carry relevant information and have different content and/or sizes based on the use case/procedure.
Observation 8:  A FCS/CRC check field calculated on the wake-up message payload will lower the FAR and ensure the integrity of the payload. 
Evaluations are recommended to determine the need and the benefits of different fields for LP-WUS structure illustrated in Figure 1. These could be used to determine whether benefits in terms of LP-WUS detection performance, the feasibility to maintain synchornisation to the gNB, coverage level estimation/identification, outweigh the disadvantages of added inter-cell interference and RE overhead. It is worth noting that the periodic transmission of LP-WUS synch signal could also help to relax how often the main radio needs to waken up e.g. to make cell quality measurements, thus reducing the power consumption of the devices.  
Proposal 2: 	The SI evaluates the benefits and the cost of supporting different LP-WUS fields.
Proposal 3: 	The SI evaluates the potential benefits and drawbacks of supporting fixed wakeup occasions allowing the wakeup receiver to enter a lower power DRX mode in between such occasions.
State of the art wakeup receivers tend to trade sensitivity for lower power consumption, e.g. by avoiding a power consuming LNA. To achieve a wide cell coverage of the WUS signal, we believe that some of these components may still be required, and therefore alternative means may be needed to achieve the low power consumption. Supporting DRX for the wakeup receiver should lower the overall average power consumption, but the amount of power saving will be highly dependent on the clock accuracy/drift.
Observation 9: 	To achieve a good trade-off between sensitivity and power consumption, it may be necessary to introduce DRX on the wakeup receiver (as opposed to an always on receiver).
Observation 10: 	The LP-WUS signal reception can suffer from intercell interference and other serving cell signals, which may degrade the false detection performance thereby reducing the power consumption savings from the introduction of the LP-WUS.
Proposal 4: 	The SI considers techniques to improve the robustness of the LP-WUS to inter-cell and intra-cell interference.
The modulation scheme and coding.
Modulation plays a vital role in the overall behavior of LP-WUS framework. It has to be robust against inter-carrier, inter-cell interference and provides better coverage for users at different signal conditions. Since the main objective is to design a LP-WUS waveform such that a low-power receiver can decode and interpret the message transmitted by gNB. Depending on the type of modulation scheme used, it can be categorized as follows.
OOK based transmission
OOK seems to be the preferred modulation scheme for prior art wakeup receivers [2]. The main benefit is that it does not require power hungry ADC at the receiver. It can be detected using simple comparator with non-coherent detection. In addition, the multi-carrier OOK (MC-OOK) modulation as also used in 802.11ba, can coexist with the legacy OFDM modulation, allowing reuse of existing gNB hardware.
OOK with Manchester encoding is often used in legacy systems. The advantages of this type of signal include:
· The signal incorporates a self-clocking characteristic
· After the envelope detector, the Manchester encoded signal has a fixed DC offset when averaged. This can be used to derive the comparator threshold e.g. by LP filtering the signal.
· A relatively simple and low power comparator based LR architecture can be used for decoding. 
· A disadvantage of the Manchester encoding is that it will increase the information symbol duration and thereby reduce the throughput/channel capacity.
· To increase coverage, the LP-WUS signal may also have deterministic sequence applied in the ON duration, which receiver could benefit. LP-WUS receiver could support an ADC with dynamic sampling rate enabling it to sample the received signal with higher rate during poor signal conditions. This will allow the receiver to switch between two modes, i.e. the most power optimum mode where the signal is received as an OOK signal (ADC switched OFF/operated with low rate) and a mode with better sensitivity where the WUS signal is sampled (ADC switched ON/to higher rate) and digital processed by e.g. a correlator.

Depending on the duty cycle of the OOK signaling, we can classify them as 
· OFDM symbol OOK
· In this ON/OFF is at the symbol rate, i.e., using entire BW to transmit a portion of the Manchester encoded bit.
· Obvious disadvantage is the under utilization of the useful spectrum
· On the contrary, it is robust against frequency selective fading
· DFT-s-OFDM based OOK
· It involves DFT spreading using  point DFT before the final  point IFFT
· Since multiple OOK signal can be transmitted in an OFDM symbol depending on the LP-WUS BW, it utilizes the available spectrum efficiently, i.e., transmitting more bits in an OFDM symbol
· On the contrary, it suffers from increased complexity, BW determines the smearing of ON/OFF signaling, and performance suffers from ISI in a rich scattering environment
· Some of the above mentioned issues can be solved by using sufficiently long ON/OFF durations
· Since the OOK signal lies within OFDM symbol, cyclic prefix can alter the synchronization across OFDM symbol.

In the following discussion, we illustrate the signal generation of DFT-s-OFDM briefly and highlight some of the concerns. In order to ensure robustness in the OOK detection, Manchester encoding (MC) is the preferred approach, which is also used in 802.11ba. In Figure 2, we have analyzed the behavior of DFT-s-OFDM transmitting 10 bits in an OFDM symbol. The bits are repeated 12 times and MC encoded before performing the DFT operation. Guard carrier of 12 tones are used in either side of LP-WUS transmission. The bit 0 is transmitted as , similarly, bit 1 is transmitted as , thereby ensuring transition within each bits. In Figure 2, two OFDM symbols are used for reference with CP included. The effect of CP need to be studied as it alters the LP-WUS transition between the boundaries of OFDM symbol.
The LP-WUS transmission shown in Figure 2 uses 4MHz BW within 10MHz BW. The repeated samples are not windowed or filtered, thereby, it shows Gibbs phenomenon in the transmitted time-domain waveform. In the receiver, 4MHz filtering with 7 tap Butterworth LPF is used after frequency translation, which is followed by down sampling by a factor of 4. The resulting time domain waveforms are demonstrated in Figure 2c and 2d. The effect of fading channel is minimal when repetition factor is 12. Note that the effect of CP in the DFT-s-OFDM OOK waveform as highlighted in Figure 2.
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[bookmark: _Ref118283633]Figure 2 Manchester encoded DFT-s-OFDM over 2 symbols 10bits/symbol @15KHz SCS in 10MHz BW
In contrast to Figure 2, Figure 3 demonstrates the same scenario but with increased data rate, i.e., transmitting 20 bits in an OFDM symbol using MC encoding. In order to achieve that, the repetition factor is reduced from 12 to 6, so as to fit the LP-WUS transmission within 4MHz BW. As can be seen from Figure 3, the transitions within each bit is now shorter and the adjacent MC encoded bits are placed close to each other. Thus, the comparator, which is used to determine ON/OFF from the received waveform in time-domain, may suffer performance issue. In Figure 3, subplot 4, the downsampled time domain waveform experiences smearing of symbols due to multi-path channel. As the data rate within an OFDM symbol increases by reducing the repetition factor for each bit, ISI dominates the reception, thereby rendering LP-WUS transmission less beneficial.
[image: ]
Figure 3 Manchester encoded DFT-s-OFDM over 2 symbols 20bits/symbol @15KHz SCS in 10MHz BW
Further, the effect of ringing in the transmitted symbols can be minimized by applying suitable filter/windowing for the repeated bits prior to DFT operation. It will avoid ISI and limits the bandwidth leakage. Thus, the number of bits within an OFDM symbol for a given BW provides a trade-off between the performance and the utilization of network resources for LP-WUS transmission.
FSK based transmission
FSK modulation is another probable waveform considered for LP-WUS in this SI. This has been studied extensively in the literature and also used prevalently in many technologies. One such implementation can be seen in GSM, wherein a modified version, namely, Gaussian filtered minimum shift keying (GMSK) is used as the transmission waveform. Even though FSK can be realized by toggling two specific OFDM tones within a symbol, the resource utilization is severely under utilized. Unlike OFDM symbol level OOK transmission, wherein whole LP-WUS BW can be used for transmission, only discrete set of carriers are used in the FSK, making it inefficient. 
On the contrary, if it is coupled with the DFT-s-OFDM, then the FSK scheme is comparable to that of OOK signaling discussed in the previous section. Few advantages of FSK within DFT-s-OFDM are as follows.
· Due to constant envelope, FSK reception is more noise tolerant, thereby, relaxing the LR component specifications
· The presence of two discrete frequencies, which toggles at the DFT-s-OFDM symbol level, can be used for synchronizing the local oscillator of LR
· It has similar overhead posed by the OOK signaling employed with DFT-s-OFDM
· Detection is robust against the Doppler shift caused by the mobility, as the tones are affected similarly

Having discussed the above mentioned advantages, it has few shortcommings as well, which are listed below.
· Effect of cyclic prefix in the OFDM symbol may interfere with the detection performance of the receiver
· Adjacent carrier interference and inter-cell interference affect the detection performance
· To avoid spectral leakage, tones used for FSK transmission must have integer cycles within DFT-s-OFDM symbol
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Figure 4. DFT-s-OFDM for FSK modulated transmission @10bits/OFDM symbol, 2 OFDM symbols are used
In the following discussion, an example of generation and the detection of DFT-s-OFDM using FSK transmission is briefly discussed. Figure 4. outlines the behavior of the signal in time domain with two discrete tones  and , which are separated by an integer factor in order to ensure orthogonality. A stream of 10 bits, wherein each bit is represented by a complex frequency of length 24, is provided to  point DFT. Then the DFT spreaded waveform is placed within OFDM carriers contiguously so as to ensure single carrier properties. Once the LP-WUS waveform is multiplexed within an OFDM symbol, the final IFFT operation of size  is performed to obtain the time domain waveform. This process is shown in Figure 4a and Figure 4b. 
Figure 4c, subplot shows the received waveform after translated and down sampled to allow only 4MHz BW. The received signal can be decoded in the time domain and the effect of cyclic prefix (CP) is visible at the symbol boundaries, though not pronounced much. This shows only the concept of generating and decoding of FSK signal under DFT-s-OFDM framework. The effect of adjacent NR signal multiplexing and the inter-cell interference should be studied to ensure the reliability of the candidate LP-WUS waveform. Finally, in Figure 4d, the received spectrum after frequency translation, i.e., prior to LPF, is presented, where we can see the signal is contained within 4MHz transmission BW.
Observation 11:     The LP-WUS modulation scheme selected should be resource efficient accounting need for possible guard bands, device BW restrictions and efficient multiplexing with other LP-WUS and other legacy signals.
Observation 12:     The LP-WUS modulation scheme selected should provide robust performance (sensitivity and selectivity) using low power receiver architectures.
Observation 13:     A LP-WUS designed to support a flexibly sized payload would allow the LP-WUS to be easily adoptd for different use cases.
Observation 14:     The LP-WUS modulation scheme selected should be easy to generate using the existing gNB architecture.
Observation 15:     If DFT-s-OFDM type of modulation is considered, effect of CP in the transmission should be studied, if LP-WUS spans multiple OFDMA symbols.
Observation 16:     Possibility of multiplexing a spreading sequence in the ON duration of DFT-s-OFDM should be studied to enhance coverage and to improve detection performance.
[bookmark: _Ref114045226]   Procedures for low power WUS                               
In this section, we consider different procedures related to the LP-WUS operation. In section 2.2.1 and 2.2.2 we look at existing the mobility related procedures and the measurements required to be performed. For cellular network operation maintaining a good mobility performance is a key element to ensure high quality connectivity and thereby good user experience. The measurements and related procedures assume that the UE is able to read the system information in the case of reselection, to perform measurements such as RSRP (SSB/CSI-RS), and provide CSI reports. In addition, we discuss different options for paging procedure with LP-WUS in Section 2.2.3.
   UE Measurements in idle/inactive mode 
In IDLE and Inactive mode, after PLMN search and successful registration to network, the UE continues to carry out measurements of identified/detected cells and continues searches to detect new candidate cells to ensure that the UE is camped on the best ranked cell and highest priority cell, as described in TS38.304.
For the serving cell (in which UE is camping), the UE evaluates the suitability criterion (S-criterion) at least once every M1*N1*DRX cycle[footnoteRef:2] when the UE is not configured with eDRX. This evaluation is assumed to be done based on at least two measurements, which are separated at least by half a DRX cycle. The serving cell evaluations are assumed to be carried out continuously and no relaxation is applied to these. Thus, the UE can be assumed to do serving cell measurement at least once per DRX cycle. If the UE is configured with eDRX, the UE shall evaluate the suitability over two eDRX cycles (for FR1, N1*eDRX cycle for FR2 where N1 depends on eDRX cycle) For intra-frequency, UE performs a cell ranking based on RSRP and/or RSRQ measurements. The neighbouring cell measurements (and search) are performed at least by a minimum period dependent on the DRX cycle length and on frequency band, and correspondingly, the evaluation (of reselection criteria) is performed during this DRX-cycle  dependent duration.  Unlike the serving cell evaluation, the intra-frequency neighbouring cell evaluation can be stopped or further relaxed, depending on the serving cell quality. If the serving cell is deemed to be better than threshold set by network, (SIntraSearch{P/Q}), UE can choose not to do intra-frequency measurements on the neighbour. In Rel-16 an additional option to allow relaxation of these measurements etc. by a factor, was added for cell edge and low mobility conditions when normal DRX cycle is configured. For RedCap devices when eDRX is configured, TS38.133 defines also (relaxed) cell measurement, identification and evaluation periods (dependent on the eDRX cycle). [2:  Where M1=2 if SMTC period > 20ms and DRX cycle ≤0.64 seconds, M1=1 otherwise, and N1 is frequency band spesific scaling factor (i.e. =1 for FR1).] 

Correspondingly UE is assumed to carry out measurement (and identification) of inter-frequency cells (and RATs) based on the configuration provided. Also, for the inter-frequency cell reselection evaluations, the minimum measurement (detection/evaluation) period is determined by the applied DRX period.  These requirements can be further relaxed for cell-edge and low mobility conditions and if serving cell quality exceeds the threshold configured by network (SnonIntraSearch{P/Q}) UE can also choose not to perform any measurements for lower or equal priority layers.
In relation to serving cell, it is also determined that if UE is not configured with eDRX and the serving cell has not fulfilled the suitability (in FR1) for M1*N1*4 DRX cycles the UE shall fall back to measure all neighbouring cells (followed by cell selection phase). Hence, prolonged interruptions in serving cell evaluation are possible and should be avoided. If eDRX is configured the time before UE needs to fallback to evaluation is max(10s, N1*eDRX cycle)[footnoteRef:3]. Hence, prolonged interruptions in serving cell evaluation should be avoided to ensure that UE is camped to suitable cell and can be reached e.g. by paging. [3:  Where N1=for FR1, and FR2 with eDRX cycle longer than 20.48s, N1=3 otherwise.] 

As can be seen from the afore discussion, serving cell evaluations form the basis of IDLE/Inactive state mobility measurement activity  to ensure that UE is constantly in the coverage area of a suitable cell. For the case when eDRX is not configured the measurement activity due to the serving evaluation is likely to limit the attainable gains from LP-WUS, unless relaxed operation is considered for the serving cell evaluation in normal DRX. Thus, when LP-WUS procedures are considered for IDLE/Inactive state operation, care should be taken that UE can be maintained in normal service. If the measurement activity (of e.g. serving cell) is to be based on assumption that eDRX is configured, it would need to be understood whether the use cases are restricted to semi-static devices or whether they can tolerate long interruptions/latency in service. If devices are assumed to move more freely, the delayed serving cell evaluations could result prolonged interruption in service due to delay re-selections.  Thus, when LP-WUS procedures are considered for IDLE/Inactive state operation, care should be taken that the assumptions related to mobility are aligned with other assumptions, such as service latency.
Observation 17: 		If eDRX based evaluation rate is assumed, the mobility of the devices should be assumed to be restricted to semi-stationary to avoid service interruptions due to delayed mobility evaluations. Alternatively, if higher mobility (than semi-stationary) is assumed, the service should be able to tolerate longer latency. 
Proposal 5: 	Clarify the mobility assumption for the purpose of LP-WUS evaluations and design and ensure that assumptions are aligned with other assumptions.
As can be seen from the afore discussion, serving cell evaluations form the basis of IDLE/Inactive state mobility measurement activity  to ensure that UE is constantly in the coverage area of a suitable cell. Carrying out afore described RRM measurements require enabling MR e.g. every eDRX cycle. Due to the (power) cost of activating the MR, it could be considered whether the LP-WUS design could be used at least partially alleviate the need for MR based RRM measurements or whether measurements could be further relaxed for eDRX, similarly as was done for DRX in Rel-16 based on the UE mobility etc. assumptions. Evidently the mobility performance should be maintained in acceptable level
Proposal 6: 	Evaluate the possible alternatives and feasibility to reduce the need of MR based RRM measurements with limited mobility performance impact.
   UE Measurements in connected mode            
In Connected mode, the UE typically carries out measurements for different purposes; mobility measurements, monitoring and measurements for beam management (e.g. BFD and link recovery), radio link monitoring and CSI measurements (e.g. L1-RSRP).  Furthermore, the mobility measurements maybe intra-frequency or inter-frequency.
For mobility related measurements, measurement activity (or applicability) for intra-frequency and inter-frequency mobility measurements are determined by a measurement configuration provided by network (e.g. SMTC periodicity, measurement gaps etc.).  As discussed in case of IDLE/Inactive mode measurements, also in the CONNECTED mode UE maybe provided a threshold (s-MeasureConfig), which the UE can choose to stop the non-serving cell measurements if serving cell quality exceeds the threshold. Also, the applied C-DRX cycle allows UE to apply relaxed measurement activity for (new) neighbour cell identification/measurements. 
The RLM, beam failure detection and CSI measurement periodicity are also dependent on the network configuration via the periodicity of associated RS resources. These can be also relaxed using the C-DRX cycle to limit the required activity. The CSI measurements based on CSI-RS are only carried during the active time or when drx-onDurationTimer is running (if configured so by ps-TransmitOtherPeriodicCSI or ps-TransmitPeriodicL1-RSRP). In Rel-17, there is the option to allow further relaxed RLM and BFD evaluations when C-DRX cycle ≤ 80ms. 
For the LP-WUS related evaluations in Connected mode, it is important 
to ensure that the risk of losing service is minimized so that beam management related measurements, such as L1-RSRP and BFD, are not significantly delayed. Limiting or reducing these measurements related to link quality extensively, is likely to result in service interruptions. Also delayed/older CSI measurement occasions can degrade the system capacity and/or user throughput. Thus, the assumptions for power saving should also consider the impact of necessary measurements for serving cell quality tracking in Connected mode. 
Observation 18: 	Reducing the measurement activity in CONNECTED mode can have negative impact on service quality.
Proposal 7: 	If CONNECTED mode operation with LP-WUS is considered, the link quality measurements and reporting need to be accounted for in evaluations. 
   Other Procedures for low power WUS
In IDLE/Inactive mode UE can use Discontinuous Reception (DRX), to reduce power consumption. The UE is expected to monitor one paging occasion (PO) per DRX cycle or set of POs in PTW per eDRX cycle. A UE can also be configured with the option to monitor the Paging Early indication (PEI) (except for the UEs expecting multicast session activation notification) to determine whether it should read the actual paging message in PO.
Given these alternative uses of the LP-WUS, it should be discussed as a part of the LP-WUS/WUR study, the procedures and different configurations supported by LP-WUS. For example, whether or not the LP-WUS triggers UE to monitor PEI and/or PO, or whether the LP-WUS indicates to UEs to go directly to connection establishment and transmit RACH (in RACH occasion). The key difference of the afore options is in required LP-WUS payload (e.g. sequence ID space) and probability of false (paging) wake-ups of main radio. 
If LP-WUS is for example, considered to be PO specific, the LP-WUS could be cell specific e.g. payload would cover cell ID and possible PO specific ID. This would require low payload, but would increase the likelihood of unnecessary wake-ups depending on the number of POs and paging load (and UE paging probability). With a slightly larger payload, a similar approach as applied for Rel-17 PEI could be considered, where the LP-WUS payload would in addition to cell ID (and PO ID) carry a sub-grouping indication so as to reduce the false alarm paging probability. With these approaches, the UE would be required to monitor PO (PEI) to confirm that the paging message is intended to sub-group the UE belongs to in question before initiating establishing connection and moving to Connected mode. With a larger payload, the LP-WUS could be considered also to have UE-specific information that could be used to directly indicate to the UE to start RACH procedure and initiate the connection establishment. This solution could offer improved latency and power saving opportunities by eliminating PO/PEI monitoring, but would come at the cost of a more complex LP-WUS and LP-WUR design.
The feasibility of these alternative options should also be considered from the system perspective. For example, with UE-specific LP-WUS, if the indications can only be multiplexed in time and/or frequency domain, the resource reservation of LP-WUS will increase directly as a function of paging load, increasing the cost of deploying LP-WUS. 
Observation 19: 	LP-WUS can be sent as an indication of Paging and can enable UE to start RRC state transition to RRC-Connected in different ways depending on the payload –
1. LP-WUS as indication of paging for legacy paging group will trigger main radio to monitor paging PDCCH or early paging indication. 
2. Sub grouping of UE will reduce the unnecessary paging monitoring but increases LP-WUS payload 
3. LP-WUS with full UE ID may enable skipping paging information monitoring, and minimize power consumption due to false alarm paging monitoring but will increase LP-WUS payload.

Proposal 8:   Consider different alternatives for LP-WUS payloads to support/replace Paging PDCCH monitoring.  
Conclusion
In this contribution we discussed different aspects related to the LP-WUS signal design and procedures. In section 2.1 we considered the signal characteristics such as bandwidth, payload size, modulation and coding and came to the following observations and proposals.
Observation 1:  Wider LP-WUS BW can offer robustness against fading, but affects the spectrum efficiency and feasibility of multiplexing with other signals
Observation 2:  Having limited LP-WUS BW could allow adoption in different device types and enable use in different type of deployments. 
Observation 3:	 Wider LP-WUS BW could enable support of more flexibility in signal generation and different signal    characteristics and improve the tolerance to implementation impairments.
Observation 4:    The effects of assumed SCS on the LP-WUS symbol duration should be studied.
Observation 5:    It may be beneficial for some HW implementations to have a preamble, e.g. for comparator threshold settling. 
Observation 6:    A Sync field may be added to help the LR to find the beginning of the WUS payload. The sync field pattern can be also used to distinguish content and target group. 
Observation 7:    Payload field can used to carry relevant information and have different content and/or size based on the use case/procedure.
Observation 8:    A FCS/CRC check field calculated on the wake-up message payload will lower the FAR and ensure the integrity of the payload. 
Observation 9: 	 To achieve a good trade-off between sensitivity and power consumption, it may be necessary to introduce DRX on the wakeup receiver (as opposed to an always on receiver).
Observation 10: 	 The LP-WUS signal reception can suffer from intercell interference and other serving cell signals, which may degrade the false detection performance thereby reducing the power consumption savings from the introduction of the LP-WUS.
Observation 11:   The LP-WUS modulation scheme selected should be resource efficient accounting need for possible guard bands, device BW restrictions and efficient multiplexing with other LP-WUS and other legacy signals.
Observation 12:   The LP-WUS modulation scheme selected should provide robust performance (sensitivity and selectivity) using low power receiver architectures.
Observation 13:   A LP-WUS designed to support a flexibly sized payload would allow the LP-WUS to be easily adoptd for different use cases.
Observation 14:   The LP-WUS modulation scheme selected should be easy to generate using the existing gNB architecture.
Observation 15:   If DFT-s-OFDM type of modulation is considered, effect of CP in the transmission should be studied, if LP-WUS spans multiple OFDMA symbols.
Observation 16:   Possibility of multiplexing a spreading sequence in the ON duration of DFT-s-OFDM should be studied to enhance coverage and to improve detection performance.
Observation 17: 		If eDRX based evaluation rate is assumed, the mobility of the devices should be assumed to be restricted to semi-stationary to avoid service interruptions due to delayed mobility evaluations. Alternatively, if higher mobility (than semi-stationary) is assumed, the service should be able to tolerate longer latency. 
Observation 18:   Reducing the measurement activity in CONNECTED mode can have negative impact on service quality.

Observation 19: 	LP-WUS can be sent as an indication of Paging and can enable UE to start RRC state transition to RRC-Connected in different ways depending on the payload –
1. LP-WUS as indication of paging for legacy paging group will trigger main radio to monitor paging PDCCH or early paging indication. 
2. Sub grouping of UE will reduce the unnecessary paging monitoring but increases LP-WUS payload 
3. LP-WUS with full UE ID may enable skipping paging information monitoring, and minimize power consumption due to false alarm paging monitoring but will increase LP-WUS payload.

Proposal 1: 	The SI evaluates the LP-WUS BW accounting performance/robustness and applicability to different device types and deployments. 
Proposal 2: 		The SI evaluates the benefits and the cost of supporting different LP-WUS fields.
Proposal 3: 	The SI evaluates the potential benefits and drawbacks of supporting fixed wakeup occasions allowing the wakeup receiver to enter a lower power DRX mode in between such occasions.
Proposal 4: 	The SI considers techniques to improve the robustness of the LP-WUS to inter-cell and intra-cell interference.
Proposal 5: 	Clarify the mobility assumption for the purpose of LP-WUS evaluations and design and ensure that assumptions are aligned with other assumptions.
Proposal 6:	Evaluate the possible alternatives and feasibility to reduce the need of MR based RRM measurements with limited mobility performance impact.
Proposal 7: 	If CONNECTED mode operation with LP-WUS is considered, the link quality measurements and reporting need to be accounted for in evaluations. 
Proposal 8:   	Consider different alternatives for LP-WUS payloads to support/replace Paging PDCCH monitoring.  

References
[1]   RP-222644   Revised SID: Study on low-power Wake-up Signal and Receiver for NR          Vivo

image2.png
Tx sequence (before DFT) (MC:{0=[0,1].

1=[1,0]}) => 10 bits/symbol, REP = 12

(ay

150

Tx sequence time domain after DFT-s-OFDM + 1024

200

250

300

DS + Filtored + Translated TD filtered waveform @4MHz (AWGN)

MR e

400

JIl

Effoct of IS in DS + Filtered + Translated TD waveform @4 MHz with delay spread ~ 300ns

VA TR ALAN AR ARG




image3.png
Tx sequence (before DFT) (MC:{0=[0,1],1=[1,0]}) => 20 bits/symbol, REP = 6

o5 (ay]

o 50 100 150 200 250 0 350 0 50 500

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

sl Mot Raep:

oaf

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

; , = Mo i

N N i
ool skl

LU U UV QAT U, |

: - = = = =

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

L L k h ]
LUV RINRNIN) YN,

o 100 200 300 00 500





image4.png
Tx sequence (before DFT) (without MC) => 10 bits/symbol, REP = 24

I AT

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

04
02

02
04

04
02

02
04

(b)

o 500 1000

1500 2000

DS + Filtored + Translated TD filtered waveform @4MHz (AWGN)

1

T

Domodulated Spectrum before LPF + DS = 3.96 MHz

ol |

[

B

Frequency in MHz





image1.emf
Preamble  Payload FCS/CRC

N

preamble

N

payload

N

FCS

Sync

N

sync


Microsoft_Visio_Drawing.vsdx
Preamble
Payload
FCS/CRC
Npreamble
Npayload
NFCS
Sync
Nsync



