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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
A new study item on low-power wake-up signal and receiver for NR was approved in RAN#94e [1] and revised in RAN#97e [2]. 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, and 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, a set of agreements were reached and are available in Appendix A for reference. In this contribution, we discuss the design considerations for the Low-Power (LP) Wake-Up Signal (WUS), generation and transmission schemes, and related L1 and higher layer procedures.  

Discussion
Duty-cycled operations in the form of Discontinuous Reception (DRX) and extended Discontinuous Reception (eDRX) are defined for power consumption reduction in NR RRC_IDLE and RRC_INACTIVE states through the reduction of the number of Paging Occasions (POs) monitored by the UE. Further power consumption reduction can be achieved through Paging Early Indication (PEI) in NR RRC_IDLE and RRC_INACTIVE states, which is still subject to the duty-cycled operations. Similar power saving techniques are defined for NR RRC_CONNECTED state in the form of connected mode DRX (C-DRX) and Wake-Up Signal (WUS). Both PEI and WUS can be received by UEs as DCIs over the PDCCH. 
The DRX, eDRX, and C-DRX can provide higher power saving gain by increasing the duty cycle duration (putting the UE in a deep or ultra-deep sleep for as much as possible) at the expense of higher latency to be expected by the UE. PEI and WUS can provide more power saving gain without an impact on latency, but the gain is limited by the power consumption required to decode a DCI over PDCCH. 
Existing PEI/WUS designs require coherent reception which might have better performance than non-coherent counterparts but can be limited in meeting ultra-low power consumption requirements, e.g., W power consumption, in deep/ultra-deep sleep states [3]. A new WUS (LP-WUS) that can be received with significantly lower power consumption than existing PEI/WUS designs may enable new trade-off regions of Latency versus Power but will require a dedicated Low-Power Wake-Up Radio/Receiver (LP-WUR) with a simple architecture [3]. The simple architecture may ideally use passive circuit at the RF front-end and apply non-coherent reception where only energy detection is performed. On-Off Keying (OOK) type of modulation usually works well in generating WUS for energy detection type of receivers. The detection output is then used as input to the digital signal processing (DSP) unit for further digital domain processing. The processed result determines whether the WUS is targeting the receiver and if indeed it is the case, corresponding operations and procedures will be performed. 
[bookmark: _Ref126565303]Observation 1: A LP-WUS that uses passive circuit at the RF front-end and apply non-coherent reception where only energy detection is performed provides a good trade-off of latency vs power.
LP-WUS design considerations such as multiplexing, resource allocation, structure and content, interference mitigation, and performance KPIs are discussed in Section 1.1. Further, approaches to LP-WUS generation and transmission considering aspects related to conformance to existing OFDM transmitter architectures and accommodation of low-power receiver architectures’ limitations are discussed in Section 1.2.

1.1 [bookmark: _Ref125101564]LP-WUS Design Considerations
1.1.1 Multiplexing and Resource Allocation
A specific frequency band/resource can be dedicated to the transmission of LP-WUS which may simplify the design of low-power WUS receiver (LP-WUR) and eliminate/reduce interference to be experienced by the LP-WUR. For a dedicated frequency resource, LP-WUR could have a more certain idea on where to receive the WUS and make its RF front-end less tunable to reduce complexity and cost. However, dedicated frequency resources only for LP-WUS transmissions imposes higher resource overhead and less network resource utilization, which is a much more noticeable concern in cellular network than in unlicensed networks, e.g., WiFi. Further, if the dedicated frequency band is not at the edge of system bandwidth, it can create holes/fragmentation in the system frequency resources, putting more restrictions on resource scheduling and reducing system resource allocation flexibilities. It is possible that some sort of DRX operation may be considered to further reduce the power consumption of WUS reception and, therefore, during the off-duty cycle of the DRX for one LP-WUR, the frequency resources (i.e., dedicated for LP-WUS transmission) could be used for the transmission of LP-WUSs targeting other receivers. However, in case there are not enough LP-WUS transmissions to occupy the dedicated time-frequency resources, there will be a waste of resources. A more favorable idea is to allocate dedicated time-frequency blocks for LP-WUS transmissions. The time-frequency block allocation should be configurable and adjustable based on the resource demand of the LP-WUS transmission. The time-frequency blocks could be utilized to transmit other legacy NR channels or signals when there is no need for LP-WUS transmission. In NR, BWP concept seems to fit the WUS time-frequency block idea very well and can be considered for the resource allocation of LP-WUS transmission.
[bookmark: _Ref126565436]Observation 2: The LP-WUS can be scheduled in any time-frequency resources within the configured BWP i.e., no dedicated time-frequency resources.
Further, LP-WUS can be transmitted on frequency tones corresponding to one or more allocated resource blocks (RB). The number of RBs should be configurable to provide frequency diversity in case of frequency selective channel. Accordingly, filtering at the LP-WUR must be tunable to accommodate variable LP-WUS transmission bandwidth, causing an increase of LP-WUR hardware complexity and power consumption. Tones at the edge of the allocated RBs may not be used to carry LP-WUS transmission for the purpose of filter bandage roll off. The amount/fraction of unused tones may be determined considering the filter requirements which could be studied during the SI.

1.1.2 Structure and Content/Information
To reduce the cost and power consumption of LP-WUR, a low-accuracy oscillator may be used which may result in large time drifting during the silent periods of LP-WUS transmissions. Therefore, two different design approaches may be considered: sequence-based design or message-based design preceded by a preamble. The sequence-based design might limit the amount of information that can be transmitted by the LP-WUS since the sequence detection complexity can increase exponentially with the information size. On the other hand, e.g., for a use case such as carrying certain system information to a group of LP-WURs, the message-based design that includes a preamble as a precursor to aid in preparing the RF front-end, e.g., AGC and filtering, and acquiring more accurate timing synchronization for the LP-WUS message part reception may be needed. The LP-WUS information is contained in the message part which may contain a UE ID or a UE group ID. To support mobility, cell ID may also be included along with UE/group IDs. Alternatively, it is also possible that cell ID, along with other system information, may be transmitted independently as broadcast information to assist UE mobility. 
Further, a CRC of the information bits may be transmitted, alongside the message-based LP-WUS, to effectively reduce the false alarm rate of LP-WUS detection results. However, it should be noted that increasing the LP-WUS length may have negative impacts on miss-detection rate of LP-WURs that rely on the energy detection of received signals as it becomes more prone to performance degradation caused by high power interference signals. For example, at the cell edge, the interference of data transmission or neighboring cell LP-WUS transmissions could be stronger than target LP-WUS. Transmission of longer sequence increases the chance of LP-WUS being exposed to high power interfering signal which may result in higher miss detection rate. Therefore, evaluations can be done to investigate the trade-off between LP-WUS length and its performance during the SI phase. 
FEC coding may effectively help combat transmission errors. Depending on the LP-WUR reference receiver discussion, UE may perform hard or soft FEC decoding. In the SI phase, the type of FEC code, code rate etc. could be investigated and evaluated through simulation. 
[bookmark: _Ref126056783]Proposal 1: Both sequence-based and message-based design for LP-WUS information content should be considered.
[bookmark: _Ref126056797]Proposal 2:  The message part should include UE/group/cell ID and their possible combinations.
[bookmark: _Ref126056803]Proposal 3: Simulations and evaluations should be performed to determine the necessities and details of CRC and FEC.
1.1.3 Interference Mitigation
For LP-WUS targeting cell edge receivers, LP-WURs may experience relatively strong interference from neighboring cells. Additionally, OOK modulated LP-WUS is received with energy detection which is less resilient to interference. To ensure satisfactory coverage for the cell edge receivers, the network may need to utilize some interference mitigating schemes. Base stations coordination could be considered such that when one base station is transmitting in certain time-frequency resources, the other surrounding base stations perform muting on these time-frequency resources to reduce the interference dramatically. Base station coordination increases network complexity and muting decreases the system efficiency. The other way to mitigate the interference impact is to employ more complicated LP-WUR and LP-WUS design at the cost of increased hardware complexity and power consumption. Studies should be done to investigate the optional schemes to deal with inter-cell interference.
For LP-WUS coexistence with legacy channels/signals, intra-cell interference also needs to be considered in some scenarios. In one case the low/band pass filtering is not providing enough suppression on co-scheduled signals, interference from other channels/signals degrade the LP-WUS detection performance. In another case, if LP-WUR is allowed to relax its filtering bandwidth over carrier frequency requirement, portion of legacy channels/signals may pass through the filtering along with LP-WUS, then more advanced schemes may be employed to prevent it from degrading LP-WUS energy detection. 
1.1.4 Performance KPIs
For a LP-WUS consisting of a preamble sequence and message bits, performance requirements should consist of two parts, preamble detection performance and message body decoding performance. The requirements for the preamble sequence part may include miss-detection rate and false-alarm rate, e.g.,  and , whereas decoding error rate could be considered for the message part, say, e.g., . 
[bookmark: _Ref126056819]Proposal 4: Separate and joint performance KPIs for preamble and message parts should be defined. For the preamble, at least miss-detection and false-alarm rate should be adopted as KPI and similarly decoding error rate for the message part. 

1.2 [bookmark: _Ref125101578]LP-WUS Generation and Transmission
There are several ways to transmit OOK-modulated signals within 3GPP systems. One option is to use a separate hardware module in gNB to generate the LP-WUS which can then be mixed with other NR signals before transmission. Since a separate hardware module is used for LP-WUS, the design of the LP-WUS is more flexible. For example, the on-off duration can be quite flexible and doesn’t need to be restricted to, e.g., OFDM symbol boundary of legacy NR signals. Signal content in the ON duration can also be flexibly designed and optimized for certain receiver assumptions. While additional hardware does increase the cost and complexity of base station hardware, another drawback is that the arbitrary signal content does not coexist well with legacy channels/signals. Loss of orthogonality from LP-WUS to legacy channels/signals may occur and system performance may degrade. Therefore, sufficient guard bands may be required around the LP-WUS to maintain the orthogonality of subcarriers allocated for other NR signals/channels. The other option to transmit the LP-WUS within the OFDM framework is to generate a signal that conforms with the OFDM transmitter architecture as discussed in Section 1.1.5. Further, pre-processing of LP-WUS, i.e., before transmission may be considered to assist LP-WURs achieve good in-band selectivity without significant penalty on power consumption as discussed in Section 1.1.6.
[bookmark: _Ref126566413]Observation 3: A LP-WUS signal generation based on or reusing the OFDM framework should be the default.
1.1.5 [bookmark: _Ref125126177]Conformance to OFDM Transmitter Architecture
In one scheme to transmit LP-WUS within OFDM framework is to generate on-off (OOK) signal based on OFDM symbols (OFDM-OOK). LP-WUS is transmitted in ON state and not transmitted in OFF state for current OFDM symbol duration. This scheme fully conforms with the OFDM transmitter architecture, the OFDM-OOK operates on the OFDM symbol boundaries, and there is not much need to change base station hardware. However, in FR1 the sub-carrier spacing (SCS) can either be 15kHz, 30kHz, or 60kHz, thus OFDM symbol duration can be quite long for the LP-WUS transmission on-off granularity, i.e., only a data rate of 14kbps, 28kbps, or 56kbps can be supported. 
In another scheme that can be considered for OOK signal generation while still conforming with the OFDM transmitter architecture is the one that utilizes DFT as pre-processing before OFDM symbol generation, i.e., DFT-s-OFDM based OOK (DFT-S-OFDM-OOK) or (DFT-OOK). In this scheme, the OOK modulated signal is generated in the time domain then transformed into frequency domain through DFT and mapped to desired tone locations, i.e., sub-carriers (SCs). Then the frequency domain LP-WUS signal, along with other legacy NR channels/signals go through IFFT to get time domain baseband signal for further processing and transmission. This transmission scheme also allows full reuse of base station hardware thus low cost and complexity. One advantage of this scheme over OFDM-OOK is that it can divide the OFDM symbol duration into finer granularities enabling one OOK signal to occupy smaller duration than the OFDM symbol duration. Thus, LP-WUS data rate could be increased and LP-WUS transmission time can be shortened which helps to reduce the chance of it being interfered with other high-power signals. However, OFDM-OOK detection performance can be superior to the DFT-S-OFDM scheme and our initial evaluation confirms their performance gap.
In Figure 1, initial evaluation of sequence miss-detection rate (MDR) is provided where OFDM-OOK and DFT-S-OFDM-OOK are compared for different values of LP-WUR sampling frequency, i.e.,  kHz, and at a LP-WUS transmission rate of 56 kbps. The transmission bandwidth is assumed to be MHz and the TDL-C channel model is considered at a delay spread of 300 ns. The 32-bit long sequence, , used by IEEE802.11ba as a synchronization preamble is considered. 

A SCS of 240kHz is considered for OFDM-OOK whereas a SCS of 15kHz is considered for DFT-S-OFDM-OOK. Additionally, a carrier frequency of 4GHz, a UE mobility speed of 3km/h, and a detection threshold of 85% of the sequence length are considered. The results show less performance variation for OFDM-OOK than DFT-S-OFDM-OOK in response to the change in the LP-WUR sampling frequency. Further, the results suggest that a minimum sampling frequency of x the LP-WUS transmission rate is required for DFT-S-OFDM OOK to achieve a similar performance to that of the OFDM-OOK transmission scheme.
[image: ]
[bookmark: _Ref118455706]Figure 1: Performance Comparison between DFT-S-OFDM-OOK and OFDM-OOK.

[bookmark: _Ref126056900]Observation 4: A minimum sampling frequency of  the LP-WUS transmission rate of 56kbps is needed for DFT-S-OFDM OOK to achieve a similar MDR performance as the OFDM-OOK transmission scheme at a sampling frequency of only  the LP-WUS transmission rate under the TDL-C 300ns channel.
One disadvantage of OFDM-OOK compared to DFT-S-OFDM based OOK lies in the relative longer OFDM symbol duration which reduces OFDM-OOK maximum data rate and is more prone to interference. One way to deal with this issue is to allow more SCS numerologies for FR1, in addition to SCS 15kHz, 30kHz, and 60k Hz already defined in the standard, e.g., 120k/240k Hz or even 480k/960k Hz may also be considered. The higher SCS for LP-WUS transmission, the shorter OFDM symbol duration and thus the higher maximum data rate. While shorter OFDM symbol duration also means less signal energy and less multi-path delay resistance which results in performance degradation. So, the trade-off between SCS and detection performance needs to be studied.
[bookmark: _Ref126056862]Proposal 5: Support higher SCS numerologies for OFDM-OOK transmission in FR1 and study SCS and detection performance trade-off.
1.1.6 [bookmark: _Ref125126357]In-band Selectivity Aware LP-WUS Design
In RAN1#110bis-e, three types of receiver architectures are agreed to be considered for the LP-WUR as suitable for OOK modulation. 
	Agreement
Study at least the following three types of receiver architectures for LP-WUR:
· Architecture with RF envelope detection 
· Heterodyne architecture with IF envelope detection
· Homodyne/zero-IF architecture with baseband envelope detection
· Note: The details of each type of receiver architecture are discussed separately.
· Note: Above receiver architectures are considered suitable for OOK modulation. Some of the architectures can be applicable for other modulations such as FSK.




The RF envelope detection architecture achieves low-power consumption by avoiding the utilization of Local Oscillators (LOs) and Phase-Locked Loops (PLLs) whereas the IF/Baseband envelope detection architectures achieve low-power consumption by relaxing the accuracy and stability requirements of the LO. The removal of LOs creates another challenge for RF envelope detection architectures where suppression of interference from legacy NR signals/channels or other LP-WUSs on adjacent subcarriers may require very high-Q matching networks and/or RF BPFs. Implementations of high-Q matching networks and/or RF BPFs can be costly and/or bulky, e.g., require off-chip components. On the other hand, the use of low accuracy and stability LOs for IF/Baseband envelope detection architectures creates uncertainty in the IF/Baseband frequencies occupied by the LP-WUS. The uncertainty requires sufficient guard bands around the LP-WUS to suppress interference from any signal multiplexed on adjacent subcarriers. 
Therefore, a solution that can aid RF/IF/Baseband envelope detection architectures to suppress interference from signals on adjacent subcarriers while relaxing the requirements on matching networks/RF BPFs for RF envelope detection architecture and/or guard bands for IF/Baseband envelope detection architectures is needed.
Two approaches that can be considered are described below.
· Fixed LP-WUS Design with Dual Spectrum Allocation:
A dual-spectrum allocation scheme, as shown in  Figure 2 , can be considered for RF envelope detection architectures to aid in interference suppression. In this scheme, LP-WUS frequency resources are allocated at the two edges of the channel with unallocated resources, i.e., guard bands, between the LP-WUS resources and resources allocated to any other signal. Since RF signals, , are converted into baseband signal directly via the non-linear operation, e.g., self-mixing , of RF envelope detection, the resulting spectrum of the baseband signal is  which is equivalent to the autocorrelation of the RF signals’ spectrum, where  is the conjugation operation,  is the Fourier transform operation, and  is the convolution operation. The LP-WUS can then be extracted in baseband as the signal centered at a known/fixed frequency (based on design of LP-WUS and guard bands at RF) of, e.g., , and have a passband bandwidth of, e.g., , where  is the channel RF bandwidth and  is the LP-WUS RF bandwidth. With this spectrum allocation, the existing NR signals or any interfering signals falling within the spectrum occupied by the NR signals do not produce baseband envelop signals at the frequencies of the desired signal, therefore do not interfere with the reception of the desired signal, thus achieving in-band selectivity.
[image: ]
[bookmark: _Ref125382870]Figure 2 : Example frequency response of a single OFDM symbol under LP-WUS dual-spectrum allocation.
It is noted that while the dual-spectrum allocation scheme can solve the in-band selectivity problem, i.e., suppression of interference from signals on adjacent subcarriers, it requires sufficient guard band around frequency resources allocated to LP-WUS. Therefore, the dual-spectrum allocation scheme might not be a spectrally-efficient solution, but it can be suitable for use when LP-WUS is expected to share the channel only with low resource utilization signals/transmissions such as SSB. Further, this solution can be used for both OFDM-OOK and DFT-OOK.
· Dynamic LP-WUS Design with Single Spectrum Allocation:
As opposed to the dual-spectrum allocation scheme with fixed LP-WUS design, another scheme can consider only single contiguous spectrum allocation to LP-WUS at one of the channel edges. However, the LP-WUS generated to occupy that spectrum is dynamically designed to account for the interfering signal occupying the other edge of the channel as shown in Figure 3 . 
[image: ]
[bookmark: _Ref125383170]Figure 3 : Example frequency response of a single OFDM symbol under LP-WUS dynamic design with single-spectrum allocation.
As mentioned earlier, the use of low accuracy and stability LOs for IF/Baseband envelope detection architectures creates uncertainty in the IF/Baseband frequencies occupied by the LP-WUS. The uncertainty requires sufficient guard bands around the LP-WUS to suppress interference from any signal multiplexed on adjacent subcarriers which may not be a resource efficient solution. 
The dual-spectrum allocation scheme may not provide any resource efficiency for IF/Baseband envelope detection receiver architectures since it requires itself enough guard bands, i.e., comparable to LP-WUS allocated bandwidth, around each single allocated spectrum to eliminate interference. It may, however, relax the requirements on the IF BPF characteristics, e.g., for IF envelope detection receiver architectures, which might result in a lower implementation cost and/or better integration capability. 
On the other hand, the dynamic LP-WUS design described above can be used to provide a resource efficient solution by generating the target signal at specific/fixed and accurate frequency after envelope detection where the guard bands around NR carriers can be reused, i.e., to minimize the requirements on any additional resources needed to mitigate the LOs uncertainty. Further, the design enables the relaxation of the IF BPF design requirements, e.g., for IF envelope detection receiver architectures. The scheme is illustrated in Figure 4 for IF envelope detection receiver architectures where the frontend (FE) RF matching network/BPF is used to select a desired NR band, an IF BPF is then used at IF to select the whole desired serving carrier, and an IF envelope detection is used to translate the signal to baseband. The dynamic LP-WUS design then results in a target/desired OOK signal that is located/centered at a specific (and accurate) frequency, , with sufficient guard band for BB filtering. It is worth noting that the design requirements for the BB filter should be more manageable than IF BPF design requirements due to the expected lower center frequency of  than at IF. 
[image: ]
[bookmark: _Ref125710561]Figure 4 : An illustration of feasibility/benefit of dynamic LP-WUS design for IF envelope detection receiver architectures. 
[bookmark: _Ref126056986]Proposal 6: Study a dynamic design of LP-WUS with single-spectrum allocation to enable good and resource efficient in-band selectivity for RF/IF/BB envelope detection receiver architectures.

[bookmark: _Ref129681832]Conclusion
This contribution discusses the LP-WUS potential designs and design considerations. The following summarizes our proposals.
LP-WUS Design Considerations
Observation 1: A LP-WUS that uses passive circuit at the RF front-end and apply non-coherent reception where only energy detection is performed provides a good trade-off of latency vs power. 
Observation 2: The LP-WUS can be scheduled in any time-frequency resources within the configured BWP i.e., no dedicated time-frequency resources.
Proposal 1: Both sequence-based and message-based design for LP-WUS information content should be considered.
Proposal 2:  The message part should include UE/group/cell ID and their possible combinations.
Proposal 3: Simulations and evaluations should be performed to determine the necessities and details of CRC and FEC. 
Proposal 4: Separate and joint performance KPIs for preamble and message parts should be defined. For the preamble, at least miss-detection and false-alarm rate should be adopted as KPI and similarly decoding error rate for the message part. 

LP-WUS Generation and Transmission
Observation 3: A LP-WUS signal generation based on or reusing the OFDM framework should be the default.
Observation 4: A minimum sampling frequency of  the LP-WUS transmission rate of 56kbps is needed for DFT-S-OFDM OOK to achieve a similar MDR performance as the OFDM-OOK transmission scheme at a sampling frequency of only  the LP-WUS transmission rate under the TDL-C 300ns channel.
Proposal 5: Support higher SCS numerologies for OFDM-OOK transmission in FR1 and study SCS and detection performance trade-off. 
Proposal 6: Study a dynamic design of LP-WUS with single-spectrum allocation to enable good and resource efficient in-band selectivity for RF/IF/BB envelope detection receiver architectures.
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Appendix A: RAN1 Agreements
RAN1#111
	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)
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