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Introduction
In 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 RAN1#111 meeting, following agreements were made, which are provided below. The highlighted sections are the ones addressed in this technical document.

	Agreement
· Study generation and link performance of multi-carrier (MC)-ASK (including OOK) waveform
· study techniques to generate waveform by modulating sub-carriers of CP-OFDM symbol, consider up to M bits transmitted per OFDM symbol, where M is FFS. 
· Note that above does not preclude DFT-S-OFDMA 
· Study generation and link performance of multi-carrier (MC)-FSK waveforms
· study techniques to generate waveform by modulating sub-carriers of CP-OFDM symbol symbol, consider up to M bits transmitted per OFDM symbol, where M is FFS.
· Study link performance of OFDMA-based signals/channels considering at least the existing signal/channel structure (e.g. CSI-RS, SSS)
· Other signal/channel structures are not precluded
· For next meeting, companies to provide input on aspects to consider that might impact link performance

Agreement
For the purpose of study, the BW of one LP-WUS is not greater than X (FFS X is 5 or 20) MHz for FR1, study further 
· whether BW of LP-WUS is configurable (implicitly or explicitly)
· size of guard band [FFS: within or outside of BW X], if any 
· whether there is different X for Idle, Connected, Inactive modes
FFS: Whether FR2 is included in the scope of LP-WUS SI

Agreement
For a UE support LP-WUR in IDLE/INACTIVE mode, 
· Study how to reduce UE power consumption due to existing RRM measurement requirements at least for mobility support, 
· study feasibility of RRM measurements performed by LP-WUR, at least for serving/camping cell, based on signals detected by LP-WUR
· FFS: measurement metric
· FFS: whether and how to identify cell/ tracking area 
· FFS: need for neighbouring cells
· FFS: need for relaxation of existing RRM measurement requirements (for UE)



In RAN#112 meeting, following agreements were made, which are provided below. Highlighted sections are discussed in this document.

	Agreement
For MC-ASK waveform generation, where K is size of iFFT of CP-OFDMA, N is number of SCs used by LP-WUS including potential guard-bands, study further 
· Option OOK-1: Single-bit in 1 OFDM symbol, SCs of LP-WUS are 
· OOK=1 means all SCs are modulated
· OOK=0 means all SCs are zero power (from base-band point of view)
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· Option OOK-2: Parallel M-bit OOK in frequency domain, 
· N SCs of LP-WUS is further separated into M segments (M=2 in Figure) possibly with guard-bands in-between and/or around 
· OOK=1 means all SCs in segment are modulated
· OOK=0 means all SCs in segment are zero power (from base-band point of view)
· FFS architecture.
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· Option OOK-3: Multi-tone single-bit OOK
· N SCs of LP-WUS is separated into L segments (L=2 on Figure) without guard-bands in-between segment, but possibly around
· OOK=1 means 1 sub-carrier (known by UE) of each segment is modulated, rest of SC is zero power (from base-band point of view)
· OOK=0 means all SCs in all segments are zero power (from base-band point of view)
· FFS architecture
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· Option OOK-4: Transform M-bit OOK in time domain 
· N SCs of OOK-1 are generated by a transformation (DFT/Least square)
· N’ samples are generated from M-bits 
· signal modification may or may NOT be used
· truncation or other additional modification may or may NOT be used, if not used, N is the same as N’
· N’ can be the same as K
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· FFS modulated SCs are e.g. QAM symbols, sequences or other signals 
· Companies to report their assumptions
· potential guard-band SCs are zero power (from base-band point of view)
· [optionally, 2 additional segments, one always modulated and one always zero power (from base-band point of view) can be transmitted]
· Other options are not precluded (e.g. OOK-1 with multiple bits in one OFDM symbol)

Agreement
Study synchronisation signal used by LP-WUR, if needed, based on 
· Option 1: aperiodic signal transmitted as part of LP-WUS
· FFS: Whether the signal can additionally be transmitted separately from LP-WUS 
· Option 2: periodic signal transmitted separately from LP-WUS
· Option 3: Option1 + Option2

Agreement
For M-bit MC-FSK generation study further the following options
· Option FSK-1: N SCs of LP-WUS are separated to M pairs of segments with potential guard-bands in-between and around. 
· segment comprises one sub-carrier or multiple contiguous SCs
· in a pair of segments one segment is modulated, other segment is zero power (from base-band point of view)
· Option FSK-2: N SCs of LP-WUS are separated to 2^M segments with potential guard-bands in-between and around.
· segment comprises one sub-carrier or multiple contiguous SCs
· one segment from 2^M segments is modulated, other segments of SCs are zero power (from base-band point of view)
· M >0
· N >1
· Study how to generate segment in time domain, e.g. OOK-1 or OOK-4 
· Other options are not precluded.

Agreement
For MC-ASK or MC-FSK waveform generation, SCS of a CP-OFDM symbol used for LP-WUS generation can be the same as SCS used for other NR transmissions in CP-OFDM symbol overlapping in time with, study whether SCS can be different, also study
· FDM/TDM multiplexing with other NR transmissions
· link performance 
· impact to legacy UEs
· impact on gNB 

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 

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
Sub-topic 3: FL-Proposal-5h:
· When evaluating and/or comparing link performance of MC-ASK, MC-FSK, and CP-OFDMA waveforms of LP-WUS at least
· raw information bit-size
· [time/frequency resources (including any guard bands), if applicable]
· [total energy of LP-WUS across the time/frequency resources]
· FFS: false alarm probability/rate
· FFS: misdetection probability/rate
               are kept [comparable or fixed]. Study at least
· impact of timing error
· impact of frequency error
· impact of phase noise and I/Q imbalance, if applicable
· impact of ADC resolution and sampling rate
· impact of interference
· impact of delay spread
· impact of doppler spread
· Companies to report
· how they modelled SINR
· time/frequency resources (including any guard bands) for the scheme
· false alarm probability/rate and misdetection probability/rate
· power consumption of the MR if false alarm probability/rate not fixed across MC-ASK, MC-FSK, and CP-OFDMA waveforms
· When comparing waveforms of LP-WUS, consider the impact to gNB for each of the waveform generation schemes. Consider whether there is impact to PAPR and a need for additional hardware for WUS.




In RAN#112bis-e meeting, following agreements were made, which are provided below. Highlighted sections are discussed in this document.
	Agreement
· Capture in TR: From RAN1 perspective, LP-WUS and signals/channels used by MR can be within the same FR1 band.
· At least LP-WUS and signals/channels by MR can be on the same carrier in the band
· Study further 
· Whether LP-WUS and signals/channels used by MR can be different carriers in the band 
· Details on the LP-WUS location within a carrier
· Band can be different than band of signals/channels used by MR
· LP-WUS association with BWP
· LP-WUS can be configurable within guard-band of a band (like NB-IoT)

Agreement
Update the RAN1#112 agreement as the following:
· [time/frequency resources (including any guard bands), if applicable]
· [total energy of LP-WUS across the time/frequency resources]
Working assumption: In place of the above deleted bullets:
· Alt 1:
· average EPRE within the [time]/frequency resources used for LP-WUS (including any guard bands)
· time/frequency resources used for LP-WUS (including any guard bands)
· Alt 2:
· average EPRE within the [time]/frequency resources used for LP-WUS (including any guard bands)
· SNR is calculated as average EPRE divided by power of noise [and interference].
· Companies to report whether and how power pooling across and within MR OFDMA symbols is used.
· FFS: PAPR applicable to LP-WUS

Agreement
Replace in RAN1#112 agreement
Companies to report
· power consumption of the MR if false alarm probability/rate not fixed across MC-ASK, MC-FSK, and CP-OFDMA waveforms
with 
· receiver architecture type and its relative power consumption

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.

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.

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
At least for IDLE/Inactive mode, at least one BW-size <=5MHz is recommended to be supported for FR1
· Other BW sizes are not precluded
· if additional BW-size(s) are recommended to be supported, BW-size can be up to 20MHz
· LP-WUS bandwidth size (including guard-bands) is assumed to be an integer number of PRBs

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 contribution, we provide our thoughts on the highlighted topics 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
[bookmark: _Hlk510705081]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 2.4), 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 sub-sections, 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 impacts 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 specified for 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. Therefore, the trade-off between LP-WUS BW and e.g. data rate should be also considered.
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.
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.
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Fig. 1 LP-WUS message with preamble, sync, payload and FCS/CRC fields
The preamble and sync field may help to improve both detectability and reliability of WUS signal irrespective 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 Fig. 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 4:  It may be beneficial for some HW implementations to have a preamble for comparator threshold settling. 
Observation 5:  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 6:  Payload field can be used to carry relevant information and have different content and/or sizes based on the use case/procedure.
Observation 7:  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 synchornization to the gNB, coverage level estimation/identification, outweigh the disadvantages of added inter-cell interference and RE overhead and LR power consumption. It is worth noting that the periodic transmission of LP-WUS SYNC signal, could also help to relax how often the MR 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.
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 duty cycle based operation 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. As discussed in [3] the cost of more power consuming receiver can be compensated with duty cycled approach while maintaining comparable latency performance. Also as discussed in [3], the FAR has to be kept very low for always-on to mitigate the power consumption cost if it.
Observation 8: 	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 9: 	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.
Since, the primary focus on the design requirements of LR is the power consumption, therefore, much of the receiver components used in the LR may not be in par with the MR components. This may increase the probability of false detections, which will eventually wakes up the MR to perform paging reception at the respective PO. Since every wake-up of MR includes complete or partial boot-up of the hardware sub systems followed by cell resynchronization and PO monitoring, the overall power consumption is much higher than the traditional DRX based wake-up of MR. This is mainly due to the reason that in DRX based wake-up of MR without the presence of LR, MR is in deep sleep state, and therefore it requires to perform only timing and frequency corrections followed by SSB reception to measure the channel quality. Therefore, always ON monitoring for LR increases the probability of false detection, thereby undermining the original purpose of this SI. 
Proposal 3:	The SI should prioritize duty cycled operation for LP-WUS monitoring as it may widen the scope of receiver architectures by studying the trade-off between power vs efficiency.
Proposal 4:	The SI should consider techniques to improve the robustness of the LP-WUS to inter-cell and intra-cell interference.
The Modulation and Coding Schemes.
Modulation plays a vital role in the overall behavior of LP-WUS framework. It has to be robust against inter-symbol, inter-carrier, and inter-cell interference by providing better coverage for users experiencing 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.
OFDM symbol OOK (OOK-1)
· The ON/OFF is at CP-OFDM symbol, i.e., using entire BW to transmit Manchester encoded bit.
· Main disadvantage is the under utilization of the useful spectrum as it transmits one bit per CP-OFDM symbol
· On the contrary, it is robust against frequency selective fading

	Agreement
For MC-ASK or MC-FSK waveform generation, SCS of a CP-OFDM symbol used for LP-WUS generation can be the same as SCS used for other NR transmissions in CP-OFDM symbol overlapping in time with, study whether SCS can be different, also study
· FDM/TDM multiplexing with other NR transmissions
· link performance 
· impact to legacy UEs
· impact on gNB 



It is agreed in RAN1#112 to study the impact of having mixed numerology between NR and LP-WUS transmission. It is further discussed in RAN1#112bis-e to study the possibility of generating OOK-1 waveform using single IFFT process, i.e., using the stored waveform to be inserted in the LP-WUS BW and perform single IFFT with NR signal. Here, we focus our discussion on the 5MHz LP-WUS spectrum using different SCS, namely, 15, 30, 60, and 120 on the NR signal using 15KHz SCS. The LP-WUS BW used in this modeling is 4.32MHz with the rest of whole 20MHz BW is set to zeros to study the leakage observed by the NR receiver. Fig. 2 illustrates the spectral leakage experienced by the legacy NR receiver due to LP-WUS transmission performed with SCS different from the NR signal. In this experiment, each bit of Manchester encoded LP-WUS payload is transmitted over a CP-OFDM symbol spanning 4.32MHz BW. Additional GB of 320KHz is provided on either side of LP-WUS transmission to relax the filtering requirements at LR. Note that only LP-WUS BW has the signal and the rest of the tones are set to zero.
The LP-WUS waveform is created by populating one part of Manchester encoded bit to a CP-OFDM symbol occupying LP-WUS BW of 4.32MHz in the respective SCS numerology. Once the time domain waveform is created for all symbols, then, depending on the LP-WUS SCS,  LP-WUS symbols are grouped for each FFT process at the NR receiver using  SCS, respectively for SCS .
	[image: ](a) Without pulse shaping, i.e., rectangular window
	[image: ] (b) With Gaussian pulse shaping and using joint IFFT with NR


[bookmark: _Ref130911444]Fig. 2 Impact of different LP-WUS SCS on Legacy UEs using SCS 15 (with and without Filtering)
Fig. 2a demonstrates the spectral leakage of LP-WUS transmission created with multiple SCS, namely, , together with transmit side rectangular pulse shaping, and Fig. 2b illustrates the filtered LP-WUS BW before tansmission, which is generated by the approach mentioned in Fig. 3a. In the common IFFT process, the pre-generated waveform is created and stored in the memory, which is then later inserted in the respective LP-WUS BW region before taking IFFT for NR signal.
In Fig. 3, we highlight two different approaches to generate the LP-WUS together with NR signal. In Fig. 3a, LP-WUS signal with higher SCS than the NR signal is generated with guard band and appended with CP after IFFT process. Once the time domain samples are collected for symbols corresponding to a NR symbol length, FFT is performed on the concatenated LP-WUS symbols after removing CP corresponding to NR signal. This is like OFDM demodulation process carried by NR receiver operating at the NR SCS, i.e., to remove CP before taking FFT. Next, the FFT is performed assuming NR SCS and the LP-WUS corresponding to the allocated LP-WUS BW is extracted and inserted in the respective location within the actual NR transmission signal that includes NR data. Finally, a single IFFT is performed, which consists of both NR and LP-WUS signal, with CP included for transmission. 
On the contrary, Fig. 3b, the generation of LP-WUS together with NR signal using single IFFT process, separate signals are prepared for both LP-WUS and NR signal by filling zeros for the complementary signal, i.e., NR IFFT process will set zeros for LP-WUS BW region and LP-WUS will set zeros for NR regions. Upon taking respective IFFTs, time domain signals of both LP-WUS and NR signal are added with necessary filtering. 
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(a) Generation using common IFFT process (NR, LP-WUS)
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(b) Generation with two IFFTs, combined in time


[bookmark: _Ref134434829]Fig. 3 Generation of LP-WUS with NR signal using separate/common IFFT block
The primary reason for the spectral leakage in the legacy NR reception is due to the discontinuity created in the set of complex tones occupied by the LP-WUS transmission. In order to avoid leakage due to FFT process, continuous tones with integer number of cycles are required within the FFT BW. However, by multiplexing LP-WUS transmission with higher SCS numerology, say, 30KHz, within 15KHz SCS of NR transmission, the received 15KHz SCS symbol contains two 30KHz SCS symbol, thereby causing spectral leakage. 
In order to avoid spectral leakage, we can set all tones outside the LP-WUS BW to zero after taking FFT on the LP-WUS time domain signal with same SCS. However, this process may restrict the spectral leakage, but distorts the LP-WUS time domain signal significantly, which may lead to performance degradation. In addition to that, the number of FFTs used at the gNB scales up with the SCS used by the LP-WUS transmission as , where  for SCS , respectively. 
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[bookmark: _Ref134452563]Fig. 4 Effect CP inclusion of OOK-1 generation with and without common IFFT
Fig. 4 demonstrates the behavior of generating time domain waveforms discussed in Fig. 3 with and without common IFFT process with NR signal. The top figure in Fig. 4 correspond to time domain addition of LP-WUS signal, wherein there is no impact of CP inclusion as the IFFT and CP inclusion process are independent for NR and LP-WUS signal. On the other hand, the bottom figures in Fig. 4 illustrates the effect of common IFFT module, wherein LP-WUS signal and NR signal are generated together with a common IFFT process with CP inclusion. When the number of OOK bits is fewer than , the impact of CP is not significant as shown in Fig. 4a, whereas the CP alters the detection performance when , since the ON duration is comparable to that of CP duration as shown in Fig. 4b.
Observation 10: 	Using common IFFT for OOK-1 is not beneficial as it introduces CP insertion, which may interfere with proper detection at LR. 
Observation 11: 	By limiting the LP-WUS pulse energy of ON duration towards the middle of each LP-WUS symbol, the effect of CP insertion on the LR performance can be reduced.
Observation 12: 	If time domain insertion is assumed for OOK-1, then why to restrict CP-OFDM based design. Any arbitrary band-limited waveform can be used for OOK signaling if the pulse width/duration is fixed.
Proposal 5:	Band limited OOK-1 waveform, whether stored in memory or generated on-the-fly, must be added in time domain with the NR signal to avoid CP insertion from the common IFFT process. If time domain addition of LP-WUS with NR is the wayforward, then why to restrict CP-OFDM based LP-WUS generation. 
Proposal 6:	Generation of OOK-1 or any OOK based waveform is up to the network if the pulse width/duration is fixed or agreed between both LR and the network.
OOK-4 Scheme using DFT spreading (DFT-s-OFDM)
· It involves DFT spreading followed by FFT shift to align DC carrier in the middle of BW
· Generation of  point DFT before the final  point IFFT is simple as it requires one additional FFT 
· Spectral leakage is minimal or even negligible as the same numerology is used by the LP-WUS transmission
· On the contrary, it suffers from increased complexity and the 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 i.e. limiting the number of bits per OFDM symbol
· Since the OOK signal lies within OFDM symbol, CP can alter the synchronization across OFDM symbol.

Before proceeding with the performance of DFT-s-OFDM, we will briefly touch upon the issue with the generation of multi-bit OOK signal within CP-OFDM framework.
[bookmark: _Ref134751003]Effect of CP on the transmitted DFT-s-OFDM signal in time domain
As discussed in [2], the effect of appending CP to the DFT-s-OFDM signal causes unwanted glitch in the time domain waveform. It depends on the samples present in the tail of the respective CP-OFDM symbol occupying the LP-WUS BW. Even though, the size of the CP glitch varies due to two different CP lengths, the effect is not noticeable if the receiver operates at the LP-WUS BW.
	[image: ](a) Inserting padding OOK symbol to accommodate for CP inclusion
	[image: ](b) Adapting OOK pulse duration to accommodate for CP inclusion


Fig. 5 OOK signal restructuring to overcome CP issue
Thus, to overcome the effect of CP addition on the MC-OOK transmission, following approaches can be considered.
1. Insert padding symbol at the end of the OFDM symbol to ensure correct CP behaviour. The receiver will have to discard the padding symbol upon reception in Fig. 5a. 
2. Dynamically change the OOK symbol duration as illustrated in Fig. 5b. 
3. Zeroing out tail samples of each MC-OOK symbols before DFT spreading

In approach 1, illustrated in Fig. 5a, an extra OOK symbol is inserted at the end of the OFDM symbol to ensure that the level of the OOK symbol overlapping with the CP is conforming with the CP requirements. This requires that the ON/OFF durations of the OOK symbol is longer than the CP duration (including the long CP duration). 
In approach 2, illustrated in Fig. 5b, the OOK symbol is default aligned such that the transition between ON/OFF durations, for the first OOK symbol, aligns with the beginning of the CP field. If the last OOK symbol in the OFDM symbol does not result in correct CP behaviour (see the red dashed arrow), then the duration of each OOK symbol may be slightly increased in the first OFDM symbol and slightly decreased in the next OFDM symbol. This will offset the transition between the ON/OFF durations and will result in the opposite OOK symbol level which gives correct CP behaviour.
Observation 13: 	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.
A Study on the sequence usage
	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


Before proceeding further, we will briefly discuss the structure of LP-WUS transmission used in the evaluation. The LP-WUS transmission is assumed to span 5MHz BW and 14 symbols or 1 slot in time duration. The first two symbols are assumed to be preamble symbols, carrying “1” and “0” in symbol 0 and symbol 1 respectively. The width of the pulse used for preamble is same as the data bit width. The samples are generated as follows.

where  is a window sequence of length , i.e., if rectangular window is used, then . Finally, is the bit sequence transmitted in a CP-OFDM symbol and  is the equivalent time domain OOK sequence. Fig. 7 illustrates the behavior of time domain signal before and after low-pass filtering along with the transmitted spectrum of gNB, while using all-ones and ZC sequence in the ON duration of each bit in the symbol. It can be seen that by using ZC sequence in ON duration ensures constant spectrum in Fig. 6b as compared to all-ones in Fig. 6a. 
	[image: ](a) All-Ones used in ON duration
	[image: ](b) ZC sequence in ON duration


[bookmark: _Ref134456411]Fig. 6 Effect of sequence used in ON duration
Similar to PAPR or cubic metric, which are measured on the time domain signal, variations on the samples inserted on the CP-OFDM tones impact the fidelity of the IFFT process performed at the gNB for transmission. If all-ones are used in the ON duration of OOK signal prior to DFT spreading, the resulting samples populated on the tones of CP-OFDM symbol has a sinc waveform pattern. This increases the dynamic range of the samples populated in the CP-OFDM symbol prior to IFFT process. Since the IFFT/FFT process performed at the gNB has a finite resolution, the fidelity of reproducing the time domain signal may show the sign of quantization effects.
The threshold is calculated directly from the data samples itself due to the Manchester encoding. The threshold detection is simply calculated using either “1” and “0” region of the data samples energy over complete LP-WUS signal within a CP-OFDM symbol , where  denotes the energy of either “0” bit or “1” bit from preamble. Thus if the data bit energy satisfies , then the bit  is declared as “0” otherwise as “1”. In this evaluation, we used non-coherent detector.
Finally, to avoid the impact of CP in the LR detection, the relevant samples corresponding to the CP duration, i.e., the tail samples, are excluded from the mapping of OOK bits prior to DFT spreading. Since the samples are zeroed out in the time domain LP-WUS waveform before DFT spreading, after IFFT operation of NR transmission BW, the CP inclusion will add zeros in the prefix. Therefore, the effect of CP glitch is avoided, however, it reduces the system resource utilization. Alternatively, we can choose the tail bits carefully in such a way to utilize the circular property of CP inclusion between tail and head samples as discussed in 2.1.3.1.2.1 without compromising on the system resources.
Observation 14: 	OOK-4 waveform is easier to generated with slightly increased complexity of using DFT precoding before the actual IFFT process. The benefit is that the generation requires common IFFT process for both LP-WUS and NR signal
Observation 15: 	OOK-3 waveform received with multiple single tone receivers may not be feasible in reality. It suffers from the frequency offset, thus requiring stable clock at the LR.
Proposal 7:	OOK-1 and OOK-4 based generation produces similar waveforms in time domain if the effect of CP is ignored. Therefore, the generation of OOK signal depends only on the capability of LR to handle CP.
Proposal 8:	OOK-3 uses a set of sub-carriers that are located sparsely within the LP-WUS BW. To reap the benefit of this scheme, OFDM receivers are required. Thus, it should be studied together with OFDM receivers.
FSK based transmission
FSK modulation is another waveform proposed for LP-WUS in RAN1. This has been studied extensively in the literature and also used prevalently in many earlier technologies. The generation of FSK modulation follows the same approach as OOK transmission, while using twice the BW as compared to the OOK transmission. Unlike the traditional FSK modulation wherein two discrete tones are used for communication, LP-WUS waveform based on FSK must be designed to have a set of tones. This is to avoid the effect of frequency selective fading and to ensure robust detection at the receiver with huge PPM offset. 
	Agreement
For M-bit MC-FSK generation study further the following options
· Option FSK-1: N SCs of LP-WUS are separated to M pairs of segments with potential guard-bands in-between and around. 
· segment comprises one sub-carrier or multiple contiguous SCs
· in a pair of segments one segment is modulated, other segment is zero power (from base-band point of view)
· Option FSK-2: N SCs of LP-WUS are separated to 2^M segments with potential guard-bands in-between and around.
· segment comprises one sub-carrier or multiple contiguous SCs
· one segment from 2^M segments is modulated, other segments of SCs are zero power (from base-band point of view)
· M >0
· N >1
· Study how to generate segment in time domain, e.g. OOK-1 or OOK-4 
· Other options are not precluded.


It is worth noting that the Manchester encoding can be considered to be inherently present in the waveform modelling in frequency domain. Thus, if we compare the Manchester encoded OOK signaling with that of FSK transmission, the resource utilization is the same, since only half the duration is used for Manchester encoded OOK. The benefit of having Manchester encoding can be seen at the receiver as “1” and “0” are present in each transmitted bits, which aids in detection performance. 
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Fig. 7 FSK schemes proposed in RAN1#112
FSK-1 Scheme
In this FSK scheme, illustrated in Fig. 7a, multiple segments with a pair of multiple sub-carriers with guard band around each and over the entire LP-WUS allocation. The benefit of having FSK schemes is that it has both ON and OFF part of the signal within a symbol duration, which helps in the threshold calculation. The two segments carrying LP-WUS payload may or may not belong to a subset of UEs, thereby reducing the group paging probability. However, due to the limited LP-WUS BW, each pair of segments only avail a fraction of the available LP-WUS spectrum. In our opinion, following assumptions are valid for the waveform candidate provided in Fig. 7a.
Advantages:
1. Since the pair of segments always contain ON and OFF region, threshold calculation and detection can be simple, which may simplify the LR design
2. Using multiple segment pairs, UEs grouped within each segment for monitoring LP-WUS is reduced, thereby reducing frequent wake-up of MR. It applies when LP-WUS carries group indication message.
3. Easy to generate with the existing hardware at gNB and the legacy users may not suffer from spurious leakage unlike few OOK based schemes
Drawbacks:
1. Due to multiple parallel segment pairs, the BW allocated for each segment is only a fraction of the overall LP-WUS BW. 
a. In order to avoid adjacent carrier leakage from neighboring LP-WUS segements, additional guard bands are inserted between segments, thereby under utilizing the available LP-WUS BW
b. Since the BW of each segment pair is smaller than the overall LP-WUS BW, the performance may degrade significantly in the presence of frequency selective channel, which is quite common in the urban scenario.
2. Due to the narrowness of the ON BW of each segement, few KHz offset in the receiver frequency may degrade the energy detection and performance significantly. This imposes strict requirements on the LR frequency stability.
3. Furthermore, shorter ON segment in the frequency domain will create a longer waveform in time domain. The receiver energy collection must be performed over full symbol, thereby degrading the received SINR. However, due to power pooling from unused part or segments, ON segments are boosted to compensate for part of the losses incurred. 

FSK-2 Scheme
On the contrary to FSK-1, FSK-2 presented in Fig. 7b has only one active segment carrying the energy. This can be inferred as bit selection scheme, i.e., like pulse position modulation (PPM), in frequency domain. The available LP-WUS BW is divided equally in to  segments, where  denotes the number of bits. For example, if  bits, then the total number of equally divided segments are , wherein only one segment carries energy. Even though the scheme is simple, we have the following observations.
Advantages:
1. Due to the presence of a single ON segment, it provides improved coverage compared to the FSK-1 scheme for the same transmit power constraint.
2. The threshold estimation is quite easy due to the concentration of energy in a particular segment of sub-carriers within LP-WUS BW. This eases the LR complexity and ensures better detection capability
3. Adjacent carrier leakage is not a problem in this scheme as the energy is transmitted only over a small strip of BW, which is well within the LP-WUS BW.

Drawbacks:
1. Since the total LP-WUS BW is divided into multiple (few group of tones) segments, the BW of each segment is quite small. This may have detrimental effect in frequency selective fading scenario. 
2. Same issue as in FSK-1, i.e., due to the narrowness of ON duration, it requires stringent restrictions on the frequency stability of LR. Even a smaller drift in the frequency of LR, the bit position may shift, thereby leading to a wrong decision of bit location.
3. In order to improve the coverage or to keep the total transmit power over LP-WUS BW constant, significant boosting of the narrow segment may be performed. This may affect the time domain PAPR behavior of the signal when combined with the adjacent NR signals at the transmitter.
4. Furthermore, boosting in frequency domain by the order of  for the ON segement by pooling the power from OFF segments in a given CP-OFDM symbol may saturate the IFFT butterfly stages, which affects the EVM of the adjacent NR signal on the same symbol.
 
Observation 16: 	FSK receivers are nothing but parallel OOK receivers. Thus, the total power consumed by the LR may be doubled in most of the implementation. However, if FSK based LP-WUS signal uses same SCS as NR transmission, then it can be easily received and decoded if in case MR monitors LP-WUS under more stringent radio conditions when LR is not applicable.
Observation 17: 	Due to the narrowness of ON segment in FSK-1/2 schemes, they may suffer from fading, crystal stability of LR, and can also cause PAPR problems at the gNB, if the total transmit power is allocated to a narrow section within LP-WUS BW.
Observation 18: 	FSK-2 with 4bits of information leads to 270KHz per ON segment, which is comparable to that of the frequency offset of 200KHz experienced by the crystal of 50ppm @4GHz. Additionally, in the presence of fading, determining the position of ON segment is a big challenge.
Proposal 9:	FSK-2 waveform suffers from frequency offset quite significantly compared to FSK-1 waveform and requires multiple receivers that grows exponentially with the number of bits. Therefore, it should be de-prioritized since the objective of LR is to reduce power.
CP-OFDM based transmission
The third waveform under consideration is CP-OFDM scheme. This is prevalently used waveforms in the existing standards and has proven advantages over other waveforms on the improved throughput, coverage, mobility and spectral utililzation. The main advantages of having CP-OFDM waveform are listed below
Advantages:
· Ability to reuse the existing SSB signals for synchronization and measurements
· Generation of CP-OFDM is simpler as it is aligned with the NR signal generation
· Sequence base WUS is used in LTE.
· It is robust against both fading and inter-cell interference scenarios
· It can handle higher data rate for a given LP-WUS BW compared to that of OOK and FSK schemes
· Guard band requirements can be relaxed, since LP-WUS CP-OFDM signal is orthogonal to NR transmission
Drawbacks:
· The cost of LR is higher, since the minimum requirements on the receiver components are higher, i.e., CP-OFDM receivers require higher clock stability and more expensive hardwares to perform baseband processing, such as, FFTs and correlations
· Due to the usage of complex baseband for processing, both in-phase and quadrature components are to be extracted at the LR, thereby increasing the cost.
· The power consumption of such receiver is higher compared to that of simpler receivers used for OOK and FSK.
If the LR is designed to operate in always ON mode, the CP-OFDM may not be a meaningful candidate waveform for LP-WUS. However, if the LRs are assumed to operate in a duty cycled manner, i.e., aligning the LR monitoring instants with the LP-WUS transmission occasions, then the power consumed by the LR designed for CP-OFDM based LP-WUS reception is comparable to that of other modulation schemes.
Observation 19: 	LP-WUS using sequence-based CP-OFDM achieves better coverage and performance than the coded transmission. Multiple sequence or sequence properties can used to increase the information rate.
Proposal 10:	CP-OFDM based waveforms using sequences are good candidate for LP-WUS, if LR is operating in duty cycled approach. It provides excellent coverage and robustness against inter-cell interference. It must be studied/compared until we determine the coverage requirement.
[bookmark: _Ref134753289]Simulation Performance
In the following section, we will study the performance of multi-bit MC-OOK transmission, wherein we begin by comparing various detectors under AWGN channel using all-ones as the transmitted sequence in the ON duration. The benefit of having all-ones as the transmitted sequence enables us to use coherent detection at the receiver, which can be used as an upper bound on the LR performance. In order to avoid the Gibbs phenomenon, i.e., oscillations around the transmitted bits, pulse shaping is performed to facilitate smooth transitions around the OOK symbol edges when the signal is bandlimited by LP-WUS BW.
	Simulation Parameter
	Design Value

	LP-WUS BW
	4.32MHz (24 in 15KHz, 12 in 30KHz, 6 in 60KHz, 3 in 120KHz) PRBs

	CP-OFDM BW
	20MHz (2048 tones, 106 PRBs)

	LP-WUS Guard BW
	180KHz on either side (5MHz LP-WUS BW and 4.32MHz useful BW)

	SCS
	15KHz, 30KHz

	Sequence used in ON duration
	All ones and Zadoff-Chu seq (without pulse shaping for evaluation)

	Number of TX and RX antennas
	1x1

	Detectors used for all-ones as sequence
	non-coherent sampled at 4.32MHz rate.

	Manchester encoding format
	 and 

	NR transmission in the adjacent carriers
	Active with QAM256 modulation. 

	LPF filter used
	5th order Butterworth filter with downsampling

	LP-WUS information bits 
	12 bits (Manchester encoded to 24 bits)

	CRC bits
	In the current evaluation, no CRC bits used

	Time synchronization
	Both ideal and time jitter of 200ppm are evaluated.

	Frequency offset and ADC bit width
	ppm, ppm, with Ideal ADC bit width considered. 

	Preamble symbols
	No preamble used for evaluation. LP-WUS location is assumed to be known.

	Data symbols per slot
	Symbols are scaled accordingly to fit the payload

	CP handling (DFT-s-OFDM, i.e., OOK-4)
	In order to avoid interference to adjacent NR transmissions, the samples corresponding to CP duration are zeroed out to avoid CP discontinuities

	Carrier frequency and doppler frequency (TDL cases)
	4GHz, 30Hz (8Kmph)

	Power pooling
	No power pooling considered for evaluation. However, only for LP-SS, i.e., synchronization signal design, power pooling is over NR symbol equivalent.


[bookmark: _Ref134751597]Table 1 Simulation Parameter Assumptions
The simulation parameters used for evaluation are listed in Table 1. In all the simulations below, unless otherwise explicitly stated, we assume no frequency or timing error at the receiver. The number of bits mentioned in the figures defines the number of LP-WUS payload bit is related to one CP-OFDM symbol of NR signal. Furthermore, ideal ADC is considered for all the evaluations except one, which is stated explicitly.
SNR evaluation and waveform sequence
	Agreement
Update the RAN1#112 agreement as the following:
· [time/frequency resources (including any guard bands), if applicable]
· [total energy of LP-WUS across the time/frequency resources]
Working assumption: In place of the above deleted bullets:
· Alt 1:
· average EPRE within the [time]/frequency resources used for LP-WUS (including any guard bands)
· time/frequency resources used for LP-WUS (including any guard bands)
· Alt 2:
· average EPRE within the [time]/frequency resources used for LP-WUS (including any guard bands)
· SNR is calculated as average EPRE divided by power of noise [and interference].
· Companies to report whether and how power pooling across and within MR OFDMA symbols is used.
· FFS: PAPR applicable to LP-WUS


In this section, we discuss the waveform used for LP-WUS transmission and the way SNR is evaluated for a fair comparison among all the alternatives. The total energy is normalized to be the same over LP-WUS BW in frequency and one NR symbol in time. The total energy must include both time and frequency as we have both OOK and FSK waveforms, which has ON and OFF segments in time and frequency dimensions, respectively. In Fig. 8, the time domain behavior of LP-WUS waveform is provided for different type of sequence used in the frequency domain for OOK-1 scheme. This applies to all the schemes discussed in OOK/FSK section, except OOK-4, which includes DFT spreading before the IFFT process.
[image: ]
[bookmark: _Ref134456468][bookmark: _Ref134456461]Fig. 8 Received SNR based on LP-WUS Sequence used in frequency domain
In the case of OOK/FSK scheme, the receiver collects the energy over a LP-WUS symbol to identify the bit, which is Manchester encoded. In Fig. 8, while using Zadoff-chu sequence in the ON duration of LP-WUS signal, the time domain response spans the entire LP-WUS symbol, then the energy is spread across the symbol. This energy can be collected if the receiver performs coherent detection as in sequence detection. However, most of the reduced power LR architecture uses envelope detector, thereby performs only non-coherent detection at the receiver. The overall SNR improvement is only marginal if Zadoff-Chu like spreading sequence is used in frequency domain as shown in Fig. 8a.
On the other hand, if the LP-WUS sequence used in the frequency domain is an all-ones sequence, then the energy is concentrated only to a narrow portion within the LP-WUS symbol as shown in Fig. 8b. Thus, by searching for a pulse over a narrow region of the LP-WUS symbol, OOK schemes can benefit from improved performance without implementing complex receivers.
Even though the overall transmit power used for LP-WUS transmission is same for both Zadoff-Chu and all-ones sequence, the receive SNR at low complex LR is significantly different as illustrated in Fig. 8. This is similar to power-pooling of unused power in FSK transmission within LP-WUS BW. Furthermore, it is worth noting that by having a narrow pulse in the time domain LP-WUS signal, the issue of CP insertion can be avoided as shown in Fig. 8
Observation 20: 	Post processing SNR observed at LR depends on the observation window used to detect the pulse. 
Observation 21: 	Using all one sequence in the ON duration of OOK/FSK other than OOK-4 results in narrow pulse depending on the LP-WUS ON segment BW, which could be utilized to improve post processing S(I)NR without additional complexity added to LR.
Proposal 11:	Power pooling or distribution of power over time-frequency resources should be limited to one NR SCS symbol duration.  
Synchronization Signal Design
The performance of LP-WUS based on OOK/FSK depends on how good the LR is synchronized with the gNB. In the LP-WUS agenda item 9.11.1, it is agreed that the maximum XO offset assumed at the LR is , which will introduce a maximum frequency offset of  of frequency offset (at 4GHz) and  time offset in 1 second duration when RTC@20ppm is used for wake-up LR. Under this assumption and the low cost architecture consideration for LR, the design of synchronization signal will pose a signinficant challenge. The design of synchronization signal should provide both time and frequency synchronization, thus it requires certain known pattern to be transmitted periodically. 
The design of synchronization signal should consider wider guard band than the payload as it is used by LRs without any timing or frequency reference. Furthermore, it can be boosted to improve the coverage and reliability. Having discussed numerous waveforms in the SI, OOK seems to be a wiser. 
	[image: ]  (a) Synchronization signal design/pattern
	[image: ] (b) Estimation error under AWGN using 2/3 LR parallel filters


[bookmark: _Ref134786465][bookmark: _Ref134786459]Fig. 9 LP-SS design and performance under AWGN
In order to design a synchronization signal, we assume OOK-1 or OOK-4 scheme, which provides reliable signal over a wider LP-WUS BW compared to a narrow strip, unlike FSK based schemes. For simplicity, we considered OOK-1 as the waveform that provides time synchronization with certain known ON/OFF patterns. During the cold boot or when the LR is awaken from the sleep cycle, the clock may not be reliable and are prone for bigger errors. In such cases, the maximum frequency offset experienced by the LR can take  and the timing offset of  in  interval. The LP-SS signal should provide reliable frequency error estimate in such an extreme conditions as well. In order to do so, the useful BW of LP-SS must be reduced to provide additional guard band between NR and the LP-SS so that the OOK structure is not corrupted by the adjacent NR transmission due to LR crystal offset.
In Fig. 9a, we considered a candidate waveform for LP-SS, wherein the OOK signal spans only  within  LP-WUS BW, thereby having wider guard RBs around the LP-SS. The wider guard RBs are required to ensure robust estimation of time and frequency error with simple detectors. In this study, we only considered the estimation error in the frequency, i.e., time synchronization is assumed to be perfect. The study of time synchronization performance is left for future contribution. We considered two estimators for LP-SS reception at the LR as shown in Fig. 9b. The comparison is made between two LP-SS reception strategy using either two or three parallel filters as discussed below.
· Two parallel filters centered at  with  filter BW is considered. Upon receiving the energy from two separate filters, the frequency error is calculated as the ratio of ,  are the energy received at the filteres, respectively.
· In the second option, LR uses three parallel filters, located at  with  filter BW. As earlier, the energy received at the three respective filters are then used to estime the frequency offset using second order polynomial fit. Depending on the LR capability, multiple parallel filters can be used to estimate the frequency offset, thereby reducing the overall estimation error.

It can be seen that the performance of having multiple parallel filters reduces the overall frequency estimation error. This is more like the FSK receivers employed at the LR to identify the frequency offset. As can be seen from Fig. 9b that the estimation error within  for all frequency offsets introduced between  using simple estimators at the LR based on power levels only. In order for LP-SS to limit the frequency offset within , SNR should be  in the presence of adjacent NR signal.
Observation 22: 	To estimate frequency error with LP-SS, multiple parallel filters are to be employed at LR. This is more like FSK reception for OOK based synchronization signal.
	[image: ] (a) Performance with and without NR using 2 LR filters in TDL-C 300ns
	[image: ] (b) Performance under AWGN and TDL-C 300ns using 2 parallel LR filters


[bookmark: _Ref134788250]Fig. 10 Frequency offset estimation error with LP-SS
In Fig. 10a, we study the effect of frequency estimation accuracy due to the presence of adjacent NR signal transmitted around the LP-WUS signal. The study involves TDL-C 300ns channel with two parallel filters at the LR to estimate the frequency offset. As can be seen from Fig. 10a that the presence of adjacent NR signal degrades the performance of estimation noticeably. If the adjacent NR signals around LP-WUS are symmetric in terms of the power over the LP-SS duration, the impact on the frequency error estimation is marginal. However, if the power of NR signal on either side of LP-WUS BW are asymmetric, then the estimation accuracy suffers significantly as the frequency estimate uses power received by each LR parallel filters. It can be seen that the case without adjacent NR signal around LP-WUS performs better in terms of estimation accuracy compared to the one with adjacent NR signal.
Observation 23: 	Having an uneven NR signal power levels around LP-SS leads to a larger frequency estimation error compared to that of the symmetric power level alternative.
In Fig. 10b, we finally study the performance of two filter based estimator for frequency offset using LP-SS under AWGN and TDL-C 300ns channel types. The study is performed with the adjacent NR signal as interference, which carries random QAM256 modulated signal. As seen in Fig. 10b, the degradation caused due to TDL-C 300ns channel with respect to AWGN is close, which is partly due to the robustness of OOK waveform to the frequency selective channel. Thus, even if the LP-WUS waveform can be either OOK/FSK, LP-SS should consider OOK waveform due to its robustness against frequency selective fading.
Observation 24: 	LP-SS must be robust against frequency selective fading, therefore, OOK like waveforms must be considered even if the LP-WUS carries OOK/FSK waveforms.
The estimation accuracy of frequency offset using LP-SS depends on the processing capability assumed at the LR. Having a common LP-SS for multiple LP-WUS monitoring occasions assigned for a different group of UEs opens up two different architecture design.
· After receiving LP-SS and estimating the frequency/time offset, LR can save the offset in a flash memory and go for sleep. Upon receiving an interrupt from RTC to monitor LP-WUS, LR should first read the estimated frequency offset from the flash memory and configure the NCO/PLL before receiving the LP-WUS. It leads to the following benefits and constraints.
· LR can sleep between LP-SS and LP-WUS, which in turn saves power
· LP-WUS detection will be reliable (in good SNR), since the crystal is stabilized before the reception
· On the other hand, LP-SS can always be transmitted before LP-WUS like preamble. In this case, no assumption on the LR architecture needs to be considered.

Observation 25: 	If each LP-WUS is prefixed with LP-SS like preamble, it ensures reliable detection of LP-WUS. On the contrary, if LP-SS is common for multiple LP-WUSs monitoring occasions, the offset between LP-SS and LP-WUS should ensure reliable LP-WUS detection even when the LR is turned off.
Proposal 12:	The periodicity of LP-SS should be frequent enough to ensure better clock recovery at LR for reliable LP-WUS detection without sacrificing much on the network resources. 
OOK-1 Simulation analysis
In OOK-1 scheme, each Manchester encoded bit is transmitted over a CP-OFDM symbol corresponding to the LP-WUS SCS, i.e., it may generate two SCS 30KHz LP-WUS symbols per one CP-OFDM symbol corresponding to the NR signal using SCS 15KHz as illustrated in Fig. 11a. It is simpler to generate the waveform for LP-WUS as it resembles the traditional CP-OFDM symbol. However, due to mixed SCS numerology between the NR signal and LP-WUS signal, it may not be possible to generate the signal together at the gNB. Only time domain multiplexing of two separate signals is possible, which may increase the processing load at the gNB. Fig. 11b illustrates the performance of OOK-1 scheme.
	[image: ](a) Symbol duration for various SCS
	[image: ](b) OOK-1 Performance in AWGN and TDL-C 300ns


[bookmark: _Ref134647839]Fig. 11 LP-WUS based on OOK-1 scheme 
	
	SCS 15
	SCS 30
	SCS 60
	SCS 120

	False alarm probability
	0.4%
	0.5%
	0.6%
	0.6%

	BLER (12 bit payload)
	-0.3
	2.6
	5.9
	8.86


Table 2 Performance of OOK-1 Scheme @1% target BLER using 12 bits/payload under AWGN
In this simulation, we compare the performance of OOK-1 scheme with multiple SCS, namely,  KHz. The probability of false alarm, i.e., detecting a known pattern of sequence length , when there is no transmission performed. The performance of OOK-1 scheme under different SCS spacing is provided in Table 2 for 1% target BLER using 12 symbols with AWGN channel condition.
	
	SCS 15
	SCS 30
	SCS 60
	SCS 120

	False alarm probability
	0.35%
	0.3%
	0.4%
	0.3%

	BLER (12 bit payload)
	7.7
	10.62
	13.6
	16.63


Table 3 Performance of OOK-1 Scheme @1% target BLER using 12 bits/payload under TDL-C 300ns
Similarly, the performance under TDL-C 300ns channel is provided in Table 3. It can be seen that as the SCS increases to 120KHz, the performance of OOK-1 scheme degrade by almost a dB. This is mainly attributed to the multi-path effect of fading channel used for evaluation. As the SCS increases, the duration of symbol reduces and the delay spread of the channel becomes relatively larger when compared with the symbol duration. This leads to the smearing of each symbol and causes inter-symbol interference (ISI), and thus compromising the performance. Fig. 11b illustrates the overall behavior of OOK-1 scheme.
Simulation analysis of OOK-4 scheme
Unlike the OOK-1 scheme, OOK-4 uses DFT spreading of Manchester encoded bits before mapping to the LP-WUS BW. By doing so, the symbol transitions occur within a CP-OFDM symbol of NR signal transmission. By using DFT spreading before mapping the samples to the respective subcarriers, SCS numerology remains unchanged with respect to the NR signal, thereby avoiding the spectral leakage to the legacy NR receivers as observed in OOK-1 scheme.
	[image: ](a) SCS 15KHz
	[image: ] (b) SCS 30KHz


[bookmark: _Ref134647917]Fig. 12 Performance comparison of OOK-4 Scheme under different SCS
Fig. 12 compares the performance of DFT-s-OFDM based OOK-4 scheme using two SCS values, namely, 15 and 30KHz. Doubling the SCS by two reduces the number of samples available per symbol for a fixed BW of operation. Thus, we can see the degradation in SCS 30KHz compared to that of SCS 15. However, for a fixed BW of operation, the overall data rate achieved by two SCS values will be the same, i.e., the number of CP-OFDM symbols will be doubled for SCS 30KHz compared to SCS 15KHz for a same duration. As shown in Fig. 12a, the performance of 2 and 4 bits per CP-OFDM symbol in 15KHz are comparable to that of 1 and 2 bits in the case of SCS 30KHz in Fig. 12b.
Fig. 12 also compares the performance of different detectors under TDL-C fading channel, which corresponds to non line-of-sight (NLOS) chanel model. In order to bring out the performance difference, AWGN behavior is also provided for reference in Fig. 12. It can be seen that the fading channel eventually degrades the performance of multi-bit OOK signal due to the presence of multi-path, which causes symbol smearing, thereby introducing severe ISI degradation. Due to the presence of multi-path effect and symbol smearing, threshold calculation may suffer due to ISI leakage, which affects the performance of the detector. 
Observation 26:	The performance of multi-bit OOK degrades significantly in comparison with that of AWGN channel due to multi-path effect as expected.
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[bookmark: _Ref134752110]Fig. 13 Impact of timing offset on DFT-s-OFDM (OOK-4) performance under AWGN
In Fig. 13, we have shown the impact of timing offset under AWGN channel condition. The timing offset may not be a problem if LR implements multiple parallel detectors with different delays and uses the one with higher power. However, this may increase the LR power consumption linearly, which may not be acceptable for low power operations. From Fig. 13a, i.e., with SCS 15KHz, the performance loss incurred in 1 bit per CP-OFDM symbol by having  timing offset is , whereas for 2 bits, this gets worsened to reach  degradation. Similarly, in the case of SCS 30KHz, the performance of 1 bit per CP-OFDM symbol suffered  with  timing offset. On the contrary, if the number of bits per CP-OFDM symbol is , the performance loss is much worse, rendering it useless.
Thus, from the above discussion, it is evident that the time synchronization is much essential for proper functioning of LP-WUS OOK based schemes. In order to ensure such a tight synchronization, LRs must be equipped with a stable crystal, which may be expensive and power hungry. Thus, to avoid such a restrictive requirements on the LR, it would be ideal to transmit frequent LP-WUS synchronization signal or a preamble that can be sent before each LP-WUS payload to stabilize the timing accuracy of the LR before decoding the actual LP-WUS payload.
Observation 27: 	Oversampling at the LR is essential to improve the performance of OOK reception and to reduce the probability of false alarm.
Observation 28: 	Timing accuracy requirement for OOK detection is quite restrictive, which can only be achieved by using a preamble associated with each LP-WUS payload if LP-WUS synchronization has long periodicity
Fig. 14a illustrates the performance of OOK-4 scheme in TDL-C 1000ns channel. Compared to TDL-C 300ns performance shown in Fig. 14a, the TDL-C 1000ns behavior degrades marginally, i.e.,  in the worst case. However, as the data rate increases, i.e., number bits used within a CP-OFDM symbol increases, the overall performance suffers noticeable compared to the TDL-C 300ns counterpart. In order to highlight the degradation in the performance, AWGN behavior is also provided in Fig. 14a. 
Observation 29: 	The performance degradation of OOK in TDL-C 1000ns is noticeable but not detrimental to render it useless. 
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[bookmark: _Ref134752215]Fig. 14 Performance of OOK scheme
In Fig. 14b, we study the impact of frequency offset at the LR while using OOK-4 scheme by varying the number of bits per CP-OFDM symbol corresponding to NR transmission. No timing offset is considered in this evaluation, i.e., the LP-WUS signal is assumed to be synchronized perfectly in time and the frequency offsets used for evaluation are . The adjacent NR signal uses QAM256 modulation and the LR uses 5th order LPF, which has steeper roll-off around the LP-WUS useful BW. The maximum frequency offset evaluated in Fig. 9b is 40KHz, which corresponds to 10PPM offset. This is under the assumption that there exists synchronization signal, which ensures periodic synchronization of LR. In between two synchronization signal, LR can expect a drift of 10ppm.
As can be seen from Fig. 14b, the degradation due to frequency offset of 40KHz impairs the signal slightly only when the LP-WUS data rate is 4 bits per CP-OFDM symbol. The impairments caused by the frequency offset on the LR detection is similar for both AWGN and fading channel. Due the presence of guard band of 180KHz around either side of LP-WUS useful BW, the impact of frequency offset gets minimal on the OOK detection. Thus with adequate amount of guard band around the LP-WUS transmission, impact of frequency offset can be minimized on the detection performance of OOK. Furthermore with steeper filter order, the leakage from the adjacent NR signal transmission can also be avoided, which may have detrimental effect on the receiver performance. 
Observation 30: 	The LP-WUS modulation should be resource efficient accounting need for possible guard bands, device BW restrictions and efficient multiplexing with other LP-WUS and other legacy signals.
Fig. 15 illustrates the behavior of OOK-4 scheme with finite bitwidth ADCs. For this evaluation, ADC bitwidth of  are used under AWGN setting. As we can see from Fig. 10 that the performance of 1 bit ADC degrades noticeable for higher data rate compared to the lower ones. However, with the ADC bitwidth of 4 and above, the performance of OOK-4 scheme is comparable to that of the ideal ADC cases. Thus, when considering the trade-off between the LR power saving to the overall detection efficiency, 1 bit ADC may not be a wiser option. The power benefit provided by the one bit ADC used at the LR for LP-WUS detection is over shadowed by the poor detection capability of the LR. Thus to achieve the same performance as that of ideal ADC counterpart, LP-WUS bit rate may be reducded, thereby leading to a longer LP-WUS payload. This in turn increases the LR monitoring time for LP-WUS signal, leading to higher power consumption.
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Observation 31:	At least few bits width for ADCs, i.e., 4 or above, should be considered for evaluation as it benefits both the LR and the network power saving target.
Design Metrics (KPIs)
In order to identify a suitable candidate modulation scheme for LP-WUS, there is no one single criterion or question to be addressed. As such, the considered waveforms for LP-WUS, i.e., OOK, FSK, and CP-OFDM has their own respective merits and shortfalls. In this section, we will make an attempt to list out the possible metrics used to evaluate the candidate waveform and the optimal waveform for the chosen metric.
Power Consumption at LR
The primary topic of LP-WUS study item is concerned with the idle mode power consumption of the UE. It is well known that the CP-OFDM receivers are quite resource hungry and consumes more power. This is the main reason behind the inclusion of addition LP-WUS waveforms like OOK and FSK schemes. If the choice is based on the power consumption metric, then the wiser choice will be OOK/FSK modulation schemes. However, it is evident from our discussions in Section 2.2 that the performance of such schemes are limited by the propagation channels and the available BW. Furthermore the spectral resources are severely under utilized. 
The choice of OOK based wake-up signal used in Wi-fi 80.11ad is wiser as it primarily targets the indoor scenarios wherein the multi-path effects are not of bigger problems. On the contrary, the cellular models are wide area network, which has no shortage of multi-paths and inter-cell interference. Thus the quality of reception with OOK based LP-WUS waveforms need to be studied for these scenarios. 
Data rate
Since LP-WUS does not envisage higher data rate like eMBB devices, the choice of modulation scheme based on the data rate is not meaningful. However, if the underlying assumption for LP-WUS is to wake-up a subset of UEs to monitor the paging occasion, then the LP-WUS must aim for few hundreds of bits per second. In such cases, the OOK/FSK based schemes must aim at pushing multiple bits in each CP-OFDM symbol for a given BW. If the bits per CP-OFDM symbol increases, then the OOK symbols are squeezed within a CP-OFDM symbol, thereby causing ISI.
However, if we increase the BW of LP-WUS transmission to accommodate more number of bits per CP-OFDM symbols, the the performance degrades in the presence of multi-path fading conditions, wherein the LR might require need an equalizer to mitigate the multi-path effect. This is the very same problem addressed by the CP-OFDM framework. Thus, the number of bits per CP-OFDM symbol for OOK based transmission is upper bounded by the length of CP, which ensures ISI free transmission in the presence of multi-path. Thus the choice of a modulation scheme is not possible as it depends on the target data rate requirement.
Coverage and Mobility
	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.


The unanimous choice of a modulation scheme, i.e., within OOK, FSK, and CP-OFDM, that provides better coverage and increased robustness against mobility will be CP-OFDM. It is well known that CP-OFDM can improve the coverage by either with repetition, power boosting. Even though other modulation schemes can do the same to improve the coverage but the gains may not be significant as compared to that of CP-OFDM scheme. 
Mobility handling with CP-OFDM is simple due to the presence of periodic SSB transmissions, which also uses CP-OFDM scheme. It can be used by LR to measure the reception quality and can be used to synchronize their internal clocks for proper time and frequency synchronization. On the contrary, if OOK or FSK based schemes are used, then a periodic synchronization signal is required to ensure the detection capability of LRs as there is no periodic transmissions based on OOK to be used for synchronization. This will reduce the spectral utilization from the gNB perspective.
Spectrum and Resource utilization
The choice will be simpler, i.e., CP-OFDM. This is due to the following reasons. 
· Ability to reuse the existing SSBs for synchronization and for measurements to determine the signal quality
· Since the subcarriers of CP-OFDM are orthogonal, the size of LP-WUS guard band can be relaxed unlike the OOK and FSK based schemes
· Since the CP-OFDM is designed to handle ISI with a simple FFT based receiver, the spectral utilization is higher as it can push more bits for a given duration. 
Observation 32: 	The modulation scheme used for LP-WUS must be chosen to reduce both power and latency of majority of UEs in the cell rather targeting a subset of UEs whose channel conditions are good.
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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. In RAN1#111 it was agreed to further consider the impact of mobility measurements:
	Agreement
For a UE support LP-WUR in IDLE/INACTIVE mode, 
· Study how to reduce UE power consumption due to existing RRM measurement requirements at least for mobility support, 
· study feasibility of RRM measurements performed by LP-WUR, at least for serving/camping cell, based on signals detected by LP-WUR
· FFS: measurement metric
· FFS: whether and how to identify cell/ tracking area 
· FFS: need for neighbouring cells
· FFS: need for relaxation of existing RRM measurement requirements (for UE)



Furthermore in RAN1#112 it was agreed:
	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



In the companion document [3], we evaluated the impact of the MR based mobility measurements to the power saving benefits of LP-WUS. We compared the attainable power saving gain 
1. when no MR based mobility measurements are done, 
2. full and reduced mobility measurements based on MR, i.e., fewer measurements within PTW, measurements every 2nd eDRX cycle). From those evaluations, it could be observed that relaxation of existing requirements could be considered to reduce the power saving loss due to MR based mobility measurements over the LR-only operation.  
In [2] we discussed the frequency of the mobility measurements to be carried out during IDLE and INACTIVE mode. Evidently, the frequency of mobility measurements affects the length of the evaluation period in order to have sufficient number of samples (for accuracy and other averaging), which results in the delay to observe the changes in strongest cell in order to trigger related mobility procedures. Thus increased delay can lead to reduced service quality e.g. due to paging misses. Hence, the serving cell evaluations form the basis of IDLE/Inactive state mobility measurement, is imperative 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 cell 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 the devices are assumed to move more freely, the delayed serving cell evaluations could result in prolonged interruption of service due to the delay in 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 33: 	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 13: 	Clarify the mobility assumption for the purpose of LP-WUS evaluations and design and ensure that assumptions are aligned with other assumptions.
Another aspect that affects the mobility performance is the accuracy of the measurements. This is related to the afore noted delay also, as the amount of available physical layer samples is affected by the measurement evaluation period. The RAN4 specification TS38.133 determines the measurement accuracy requirements e.g. for SSB-RSRP in CONNECTED mode. For most cases, IDLE/INACTIVE mode requirements are determined indirectly based on the IDLE/Inactive mode re-selection requirements. As an example, if it is determined that UE has to identify the neigbouring cell that has met the re-selection criteria if the cell is 3dB better ranked. As noted above accuracy can to a certain extent improved with increased number of samples, but it results latency, which may degrade mobility performance in changing conditions (e.g. due to UE movement). 
Thus LP-WUS can be considered to be used for mobility measurents and related evaluations. It is then necessary to consider the attainable accuracy and latency (evaluation period) from the LP-WUS design. This relates to the aspects like availability and frequency/periodicity of LP-WUS (e.g. beacon) and design of the signal to enable good metrics. Optimizing both from mobility measurement perspective, may results increased overhead.
Observation 34: 	If LP-WUS is considered for mobility measurements, the LP-WUS design would need to account the requirement to enable good accuracy within reasonable evaluation period. This may imply increase in the overhead.
It is also good to note that the accuracy for absolute measurements is not solely determined by the baseband processing, but also on the RX chain imperfections. The accuracy of the gain level of RX chain and possible AGC steps has a direct impact on to the absolute accuracy. Other aspects like ADC and frequency error can also affect the attainable accuracy of measureements, and thereby the feasibility of using LP-WUS/WUR for mobility measurements. Also, the baseline receiver architecture will affect the feasibility of the metrics that can be considered, and thereby the feasibility of the mobility measurements.
Observation 35: 	RX chain imperfections of LP-WUR, as well the baseline reference architecture affects the feasibility of LP-WUS based mobility measurements.
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 assumptions. Evidently, the mobility performance should be maintained in an acceptable level
Proposal 14: 	Evaluate the possible alternatives and feasibility to reduce the need of MR based RRM measurements with limited mobility performance impact.
Investigation into other LR and LP-WUS performance measurements/alarms is also recommended to assist with:
· Load balancing of wake-up signal by optimizing the paging group sizes per LP-WUS ocassion
· Ability to adapt the transmission ocassion of LP-WUS transmission so as to minimize the inter-cell interference so as to ensure good quality reception at LR
· In order to improve the coverage, LP-WUS resources must be adapted 
· WUS signal resource configuration optimisation to improve the coverage via increasing the resources

Proposal 15: 	Evaluate new LR/LP-WUS performance measurements/alarms to assist the network to optimize the LP-WUS configuration.
   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 may be 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, UEs 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 36: 	Reducing the measurement activity in CONNECTED mode can have negative impact on service quality.
Proposal 16: 	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 use cases for 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 in the afore options is the requirement on the LP-WUS payload (e.g. sequence ID space) and probability of false (paging) wake-ups of main radio. 
If for example, LP-WUS is considered to be PO specific, then the LP-WUS could be cell specific, i.e., 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. Furthermore, it maybe preferable to keep the choice whether UE, e.g., monitors normal paging or LP-WUS based on observed radio conditions, transparent to the network. This would imply that UE behaviour (from network perspective) should be similar, regardless which method is used to wake-up the UE.
Observation 37: 	LP-WUS can be sent as an indication for paging and can enable UE to start RRC state transition to RRC-Connected in different ways depending on the payload size and content.
Proposal 17:   	Consider different alternatives for LP-WUS payloads to support or 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.
Observations
Observation 1:  Wider LP-WUS BW can offer robustness against fading, but impacts 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:  It may be beneficial for some HW implementations to have a preamble for comparator threshold settling. 
Observation 5:  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 6:  Payload field can be used to carry relevant information and have different content and/or sizes based on the use case/procedure.
Observation 7:  FCS/CRC check field calculated on the wake-up message payload will lower the FAR and ensure the integrity of the payload. 
Observation 8: 	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 9: 	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 10: 	Using common IFFT for OOK-1 is not beneficial as it introduces CP insertion, which may interfere with proper detection at LR. 
Observation 11: 	By limiting the LP-WUS pulse energy of ON duration towards the middle of each LP-WUS symbol, the effect of CP insertion on the LR performance can be reduced.
Observation 12: 	If time domain insertion is assumed for OOK-1, then why to restrict CP-OFDM based design. Any arbitrary band-limited waveform can be used for OOK signaling if the pulse width/duration is fixed.
Observation 13: 	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 14: 	OOK-4 waveform is easier to generated with slightly increased complexity of using DFT precoding before the actual IFFT process. The benefit is that the generation requires common IFFT process for both LP-WUS and NR signal
Observation 15: 	OOK-3 waveform received with multiple single tone receivers may not be feasible in reality. It suffers from the frequency offset, thus requiring stable clock at the LR.
Observation 16: 	FSK receivers are nothing but parallel OOK receivers. Thus, the total power consumed by the LR may be doubled in most of the implementation. However, if FSK based LP-WUS signal uses same SCS as NR transmission, then it can be easily received and decoded if in case MR monitors LP-WUS under more stringent radio conditions when LR is not applicable.
Observation 17: 	Due to the narrowness of ON segment in FSK-1/2 schemes, they may suffer from fading, crystal stability of LR, and can also cause PAPR problems at the gNB, if the total transmit power is allocated to a narrow section within LP-WUS BW.
Observation 18: 	FSK-2 with 4bits of information leads to 270KHz per ON segment, which is comparable to that of the frequency offset of 200KHz experienced by the crystal of 50ppm @4GHz. Additionally, in the presence of fading, determining the position of ON segment is a big challenge.
Observation 19: 	LP-WUS using sequence-based CP-OFDM achieves better coverage and performance than the coded transmission. Multiple sequence or sequence properties can used to increase the information rate.
Observation 20: 	Post processing SNR observed at LR depends on the observation window used to detect the pulse. 
Observation 21: 	Using all one sequence in the ON duration of OOK/FSK other than OOK-4 results in narrow pulse depending on the LP-WUS ON segment BW, which could be utilized to improve post processing S(I)NR without additional complexity added to LR.
Observation 22: 	To estimate frequency error with LP-SS, multiple parallel filters are to be employed at LR. This is more like FSK reception for OOK based synchronization signal. If LRs are capable of using multiple filters in parallel, FSK-1 based modulation should be considered for LP-WUS as well.
Observation 23: 	Having an uneven NR signal power levels around LP-SS leads to a larger frequency estimation error compared to that of the symmetric power level alternative.
Observation 24: 	LP-SS must be robust against frequency selective fading, therefore, OOK like waveforms must be considered even if the LP-WUS carries OOK/FSK waveforms.
Observation 25: 	If each LP-WUS is prefixed with LP-SS like preamble, it ensures reliable detection of LP-WUS. On the contrary, if LP-SS is common for multiple LP-WUSs monitoring occasions, the offset between LP-SS and LP-WUS should ensure reliable LP-WUS detection even when the LR is turned off.
Observation 26:	The performance of multi-bit OOK degrades significantly in comparison with that of AWGN channel due to multi-path effect as expected.
Observation 27: 	Oversampling at the LR is essential to improve the performance of OOK reception and to reduce the probability of false alarm.
Observation 28: 	Timing accuracy requirement for OOK detection is quite restrictive, which can only be achieved by using a preamble associated with each LP-WUS payload if LP-WUS synchronization has long periodicity
Observation 29: 	The performance degradation of OOK in TDL-C 1000ns is noticeable but not detrimental to render it useless. 
Observation 30: 	The LP-WUS modulation 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 31:	At least few bits width for ADCs, i.e., 4 or above, should be considered for evaluation as it benefits both the LR and the network power saving target.
Observation 32: 	The modulation scheme used for LP-WUS must be chosen to reduce both power and latency of majority of UEs in the cell rather targeting a subset of UEs whose channel conditions are good.
Observation 33: 	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 34: 	If LP-WUS is considered for mobility measurements, the LP-WUS design would need to account the requirement to enable good accuracy within reasonable evaluation period. This may imply increase in the overhead.
Observation 35: 	RX chain imperfections of LP-WUR, as well the baseline reference architecture affects the feasibility of LP-WUS based mobility measurements.
Observation 36: 	Reducing the measurement activity in CONNECTED mode can have negative impact on service quality.
Observation 37: 	LP-WUS can be sent as an indication for paging and can enable UE to start RRC state transition to RRC-Connected in different ways depending on the payload size and content.
Proposals
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 should prioritize duty cycled operation for LP-WUS monitoring as it may widen the scope of receiver architectures by studying the trade-off between power vs efficiency.
Proposal 4:	The SI should consider techniques to improve the robustness of the LP-WUS to inter-cell and intra-cell interference.
Proposal 5:	Band limited OOK-1 waveform, whether stored in memory or generated on-the-fly, must be added in time domain with the NR signal to avoid CP insertion from the common IFFT process. If time domain addition of LP-WUS with NR is the way forward, then why to restrict CP-OFDM based LP-WUS generation. 
Proposal 6:	Generation of OOK-1 or any OOK based waveform is up to the network if the pulse width/duration is fixed or agreed between both LR and the network.
Proposal 7:	OOK-1 and OOK-4 based generation produces similar waveforms in time domain if the effect of CP is ignored. Therefore, the generation of OOK signal depends only on the capability of LR to handle CP.
Proposal 8:	OOK-3 uses a set of sub-carriers that are located sparsely within the LP-WUS BW. To reap the benefit of this scheme, OFDM receivers are required. Thus, it should be studied together with OFDM receivers.
Proposal 9:	FSK-2 waveform suffers from frequency offset quite significantly compared to FSK-1 waveform and requires multiple receivers that grows exponentially with the number of bits. Therefore, it should be de-prioritized since the objective of LR is to reduce power.
Proposal 10:	CP-OFDM based waveforms using sequences are good candidate for LP-WUS, if LR is operating in duty cycled approach. It provides excellent coverage and robustness against inter-cell interference. It must be studied/compared until we determine the coverage requirement.
Proposal 11:	Power pooling or distribution of power over time-frequency resources should be limited to one NR SCS symbol duration.  
Proposal 12:	The periodicity of LP-SS should be frequent enough to ensure better clock recovery at LR for reliable LP-WUS detection without sacrificing much on the network resources. 
Proposal 13: 	Clarify the mobility assumption for the purpose of LP-WUS evaluations and design and ensure that assumptions are aligned with other assumptions.
Proposal 14: 	Evaluate the possible alternatives and feasibility to reduce the need of MR based RRM measurements with limited mobility performance impact.
Proposal 15: 	Evaluate new LR/LP-WUS performance measurements/alarms to assist the network to optimize the LP-WUS configuration.
Proposal 16: 	If CONNECTED mode operation with LP-WUS is considered, the link quality measurements and reporting need to be accounted for in evaluations. 
Proposal 17:   	Consider different alternatives for LP-WUS payloads to support or replace paging PDCCH monitoring.
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