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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 prior RAN1 meetings, 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 performance results.  

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. 
LP-WUS design considerations such as multiplexing, resource allocation, structure and content, and interference mitigation 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. Link-level simulation results considering OOK-1, OOK-2, OOK-4, and FSK-2 waveform options identified in RAN1#112 are presented in Section 1.3.

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 1: 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. 

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 preamble may also be used to reduce the false alarm rate (FAR) of LP-WUS, which can have a negative impact on the power saving gain experienced by LP-WURs compared to legacy schemes, but at the expense of increased preamble miss-detection rate (MDR). 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, i.e., same design can be used to carry information (UE ID, UE sub-group/group ID, System Information change notification indication, and emergency message notification indication) and synchronization signal (cell ID, timing stamps, … etc.).
Further, a CRC of the information bits may be transmitted, alongside the message-based LP-WUS, to effectively reduce the FAR of LP-WUS without impacting the preamble MDR. However, it should be noted that increasing the LP-WUS length may have negative impacts on its overall MDR for 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. 
FEC coding may effectively help combat transmission errors. Depending on the LP-WUR reference receiver discussion, UE may perform hard or soft FEC decoding. 

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/or LP-WUS design at the cost of increased hardware complexity and power consumption.  An example LP-WUS design that utilizes low envelope IFs and can mitigate the impact of inter-cell interference without increasing the complexity of LP-WURs by configuring different UEs/UE-Groups on different envelope IFs is discussed in Section 1.2.2. 
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. The LP-WUS design utilizing low envelope IFs discussed in Section 1.2.2 can also provide robustness against intra-cell interference.
[bookmark: _Ref134179680]Proposal 1: Support LP-WUS design utilizing low envelope intermediate frequencies (IFs) to mitigate the impacts of intra-/inter-cell interference.

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 1.2.1. 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 1.1.1 or to eliminate the need for significant guard bands between frequency domain multiplexed segments as discussed in Section 1.2.2.

1.2.1. [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.
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. 

1.2.2. [bookmark: _Ref130997916]Resource-Efficient and Simplified FSK LP-WUS Design
In RAN1#112, the following two agreements are achieved to evaluate parallel OOK (Option OOK-2) and FSK modulation schemes. For the transmission of M bits per OFDM symbol, Option OOK-2, Option FSK-1, and Option FSK-2 require , and  segments of frequency resources, respectively, with potential guard bands in-between and around.
	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-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.
[image: ]
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.




As discussed in Section 1.1.1, the potential guard bands can account for a considerable number of wasted frequency resources due to the use of low accuracy and stability LOs for IF/Baseband envelope detection architectures and/or reduction in LP-WUS transmission power due to PSD limitations. In this section, we describe an approach for LP-WUS design that can minimize or eliminate the need for the guard bands in-between the frequency resources segments without the requirement of a procedure for frequency error estimation and mitigation.
· FSK/OOK using Envelope IFs
In this approach, ‘almost’ the whole LP-WUS bandwidth can be used to generate an FSK signal after envelope detection using low envelope IFs as illustrated in Figure 1 where only one frequency component f  is generated/detected at a time. In the example illustrated in Figure 1, a signal at a target  is generated by first splitting the LP-WUS bandwidth into  segments without any guard bands in-between such that  (LP-WUS BW) , then a sequence () of length SCS and good autocorrelation properties is repeated over the  segments. Note that an OOK signal (e.g., Option OOK-1) can also be generated using this approach where only one IF is turned ON and OFF throughout the transmission of the LP-WUS, i.e., no switching between low envelope IFs is performed. Further note that due to the usage of a low envelope IF, PSK modulation can be considered to increase the transmission bit rate by applying a linear phase over the  SCs allocated to the LP-WUS bandwidth.
[image: ]
[bookmark: _Ref130986636]Figure 1: An illustration of M-bit MC-FSK generation using envelope IFs. 

In Figure 2, another example illustrates how a 1-bit MC-FSK signal can be generated using low-envelope IFs where a LP-WUS bandwidth of 2 RBs, 2 sequences of lengths  SCs, and a mapping of  are considered. The two frequencies are detected by the LP-WUR after self-mixing envelope detection. In Figure 3, example details of digital baseband processing for the detection of a LP-WUS generated using envelope IF design are presented when a heterodyne receiver architecture with IF envelope detection is considered. In this example, a set of Goertzel filters are used to detect signals at specific frequency tones, e.g., corresponding to target envelope IF(s).

[image: Diagram

Description automatically generated]
[bookmark: _Ref134020471]Figure 2: An illustration of 1-bit MC-FSK generation using two envelope IFs  and considering LP-WUS bandwidth of 2 RBs. 


[image: ]
[bookmark: _Ref134020706]Figure 3: Example Digital Baseband Processing for Envelope IF Detection using Heterodyne Receiver Architecture.

[bookmark: _Ref131068061]Observation 2: The 2M frequency components of an M-bit FSK signal can be generated as low envelope IFs via the repetition of a sequence (of good autocorrelation properties and of length corresponding to the target IF) throughout the LP-WUS bandwidth.

1.3 [bookmark: _Ref130999659]Link-Level Simulation Results
In this section, the link-level performance of Option OOK-1, Option OOK-2, Option OOK-4, and Option FSK-2 is presented. The impacts of frequency and timing offsets are evaluated where a fixed frequency offset  ppm and a fixed timing offset (with respect to timing obtained from 32-bit preamble detection)  are considered. The impact of sampling frequency is also considered for Option OOK-4 for sampling frequency MHz. The detailed list of assumptions in Table 1, based on the agreement in RAN1#112, are used for the link-level simulations unless stated otherwise.
[bookmark: _Ref130999178]Table 1: Link-Level Simulation Assumptions for LP-WUS
	Attributes
	Assumptions

	Carrier Frequency
	2.6GHz

	Waveform
	Option OOK-1
Option OOK-2
Option OOK-4
Option FSK-2

	Channel structure
	· Option 1: Sync signal /sequence (32 chips) + payload (16 bits) + CRC (8 bits)

	SCS of OFDM generator for NR signal
	30kHz

	Configuration for LP-WUS signal
	For OOK/FSK waveform,
· Option 1b: M=1 and SCSs = 30kHz (same as NR signal)
· Option 2b: M =2/4/8 for SCS = 30 kHz (same as NR signal)
· Option 3: M=1 and SCSs = 60kHz/120kHz

	WUS duration
	32 (Preamble) + 6/12/48 (Payload+CRC) OFDM symbols 

	Code scheme
	1/2 Manchester code for OOK Options 1/2/4

	gNB Channel BW 
	20MHz

	LP-WUS BW
	Option 1:
· 5MHz including subcarriers for guard band
· 4.32MHz (i.e.,12 RBs) for LP-WUS transmission for 30kHz SCS
Option 2:
· 4.32 MHz including subcarriers for guard band 
· 2.88MHz (i.e.{8} RBs) for LP-WUS transmission for 30kHz SCS
Option 3:
· 1.8 MHz including subcarriers for guard band 
· 1.08MHz (i.e.{3} RBs) for LP-WUS transmission for 30kHz SCS
GB is symmetrically placed on each side of LP-WUS

	Filter 
	3-rd Order filter (Butterworth) with Y MHz bandwidth,
· Y = 4.32 MHz for LP-WUS BW Option 1
· Y = 2.88 MHz for LP-WUS BW Option 2
· Y = 1.08 MHz for LP-WUS BW Option 3

	Adjacent subcarrier interference
	· PDSCH mapped on resources other than that for WUS and guard band; 
· EPRE of LP-WUS / EPRE of PDSCH =ρ, where ρ=0 dB as baseline

	Sampling Rate
	1.12 MHz

	ADC bit width
	1-bit (Preamble), Ideal (Payload+CRC)

	Channel Model
	TDL-C, Delay Spread = 300 ns, UE velocity = 3 km/h

	Impairment modelling
	· Fixed frequency error
· Timing acquisition using preamble (Sync signal) detection + Fixed timing error



1.3.1. Option OOK-1
In this section, we evaluate the link-level performance of Option OOK-1 where two approaches are used for OOK signal generation and detection. In the first approach (Conventional OOK), the OOK signal is generated by modulating all  LP-WUS SCs, i.e., OOK=1, using a length-N sequence of good autocorrelation properties. The LP-WUR detects/decodes the OOK signal by tuning to DC (i.e., 0 Hz) after envelope detection. In the second approach (envelope IF OOK), the OOK signal is generated according to description in Section 1.2.2 and the LP-WUR detects/decodes the OOK signal by tuning to low envelope IF (i.e., 0Hz) after envelope detection.
Impact of LP-WUS Bandwidth
In Figure 4, the impact of LP-WUS bandwidth is evaluated for Option OOK-1 with bandwidths Option 1, Option 2, and Option 3. The figure shows that increasing the LP-WUS bandwidth from Option 3/Option 2 (1.08MHz/2.88 MHz) to Option 1 (4.32 MHz) can help improve the performance of conventional OOK LP-WUR (i.e., detection/decoding at DC) by ~8.5dB/~2.5 dB, respectively. 
[image: ]
[bookmark: _Ref134094298]Figure 4: Impact of LP-WUS bandwidth on link-level performance considering LP-WUS waveform Option OOK-1. 
[bookmark: _Ref131068140]Observation 3: The performance of conventional OOK LP-WUR can be improve by ~8.5 dB/~2.5 dB by switching the LP-WUS bandwidth from Option 3/Option 2 (1.08 MHz/2.88 MHz) to Option 1 (4.32 MHz).

Impact of Frequency Error
In Figure 5, the impact of a fixed frequency error of  ppm on conventional OOK-1 is evaluated for 30kHz, 60kHz, and 120kHz SCS. The figure shows that a guard band of (1 RB at 30kHz SCS, 0.5 RB at 60kHz/120kHz SCS) is sufficient to mitigate the impact of a 100 ppm frequency error at 2.6 GHz carrier frequency. The figure also shows that increasing the SCS from 30kHz to 60kHz and 120kHz can degrade the performance by ~2dB and ~4dB, respectively.
[image: ]
[bookmark: _Ref134096222]Figure 5: Impact of frequency error on LP-WUS waveform Option OOK-1 performance.  

[bookmark: _Ref134180136]Observation 4: Option OOK-1 can tolerate up to 100 ppm frequency error at 2.6 GHz carrier frequency and (1 RB at 30kHz SCS, 0.5 RB at 60/120kHz SCS) guard band on each side of the LP-WUS.
[bookmark: _Ref138778027]Observation 5: Option OOK-1 under SCS of 60kHz and 120kHz can degrade the performance by ~1dB and ~4dB, respectively, compared to Option OOK-1 under SCS of 30 kHz at 2.6 GHz carrier frequency.

Impact of Timing Error
In Figure 6, the impact of a fixed timing error of  on conventional OOK-1 is evaluated for 30kHz, 60kHz, and 120kHz SCS. The figure shows that Option OOK-1 is robust against timing errors of up to  with a performance degradation  dB at SCS of 30kHz whereas Option OOK-1 is robust against timing errors of only up to  with a performance degradation  dB at SCS of 60kHz. On the other hand, a timing error of  can cause a performance degradation > 1.5 dB for Option OOK-1 at SCS of 120 kHz. Note that the robustness against timing error comes from the fact that Option OOK-1 has a long OOK pulse duration (e.g., ~ at 30 kHz SCS). 
[image: ]
[bookmark: _Ref134097714]Figure 6: Impact of timing error on LP-WUS waveform Option OOK-1 performance.  

[bookmark: _Ref134180154]Observation 6: Option OOK-1 can tolerate a timing error up to 4μs and up to 2μs under SCS of 30kHz and 60kHz, respectively, and <2μs under SCS of 120kHz, at 2.6 GHz carrier frequency and (1 RB at 30kHz SCS, 0.5 RB at 60kHz/120kHz SCS) guard band on each side of the LP-WUS.

Comparison between Conventional and Envelope IF
In Figure 7, we compare the performance of conventional and envelope IF OOK-1 at 2.6 GHz carrier frequency with and without frequency/timing errors where a frequency error of 100 ppm and a timing error of  are considered. Whereas the performance comparison at 4 GHz carrier frequency is shown in Figure 8. Figures show that with proper selection of IF for OOK signal generation and detection/decoding, the performance can be improved compared to conventional OOK LP-WUR by ~0.7 dB/~1.5 dB at 2.6 GHz and 4 GHz carrier frequency, respectively. Figures also show that both conventional and envelope IF OOK-1 have comparable robustness against frequency and timing errors.
[image: ]
(a) Impact of frequency error.
[image: ]
(b) Impact of timing error
[bookmark: _Ref138675725]Figure 7: Comparison and impact of frequency/timing error on LP-WUS waveform Option OOK-1 performance using conventional and envelope IF signal generation/reception.  

[bookmark: _Ref138778054]Observation 7: Option OOK-1 with envelope IF generation/reception can tolerate up to 100 ppm frequency error and 4 μs timing error at 2.6 GHz carrier frequency and 1 RB (at 30kHz SCS) guard band on each side of the LP-WUS.
Further, it should be noted that, compared to conventional OOK detection at DC, signal generation based on low envelope IFs can support the generation of M-bit FSK as discussed later.  
[image: ]
[bookmark: _Ref138675875]Figure 8: Comparison of Conventional and envelope IF considering LP-WUS waveform Option OOK-1 at 4 GHz carrier frequency. 

[bookmark: _Ref134180159]Observation 8: Envelope IF signal generation/reception has ~0.7 dB / ~1.5 dB performance improvement over conventional OOK LP-WUR with the proper selection of IF at 2.6 GHz / 4 GHz carrier frequency.

1.3.2. Option OOK-2
In this section, we evaluate the link-level performance of Option OOK-2 where  frequency segments are considered and a total LP-WUS bandwidth Option 1 is split across the 4 segments with 4 SCs as guard band between the segments as shown in Figure 9. A Butterworth filter of order  and bandwidth of  MHz is considered for each of the 4 segments to reject interference from neighboring segments. 
[image: Diagram

Description automatically generated]
[bookmark: _Ref134101632]Figure 9: Resource configuration for LP-WUS waveform Option OOK-2.  

Impact of Frequency Error
In Figure 10, the impact of fixed frequency error  ppm on LP-WUS waveform Option OOK-2 is evaluated. The figure shows that a guard band of 4 SCs (at 30kHz SCS) between frequency segments can only tolerate a 10 ppm frequency error at 2.6 GHz carrier frequency and using a 5th order filter. A frequency error  ppm at 2.6 GHz carrier frequency or a 3rd order filter can result in a considerable interference leakage from neighboring frequency segments which can degrade LP-WUS detection performance significantly. 
[image: ]
[bookmark: _Ref134102798]Figure 10: Impact of frequency error on LP-WUS waveform Option OOK-2 performance.  

[bookmark: _Ref134180193]Observation 9: Interference leakage between Option OOK-2 frequency segments can degrade LP-WUS detection performance, ≤ 10 ppm frequency error at 2.6 GHz carrier frequency can be tolerated using 4 SCs (at 30kHz SCS) guard band between segments and a 5th order filter.

Impact of Timing Error
In Figure 11, the impact of fixed timing error  on LP-WUS waveform Option OOK-2 is evaluated. The figure shows that LP-WUS Option OOK-2 can tolerate timing errors of up to  with a performance degradation  dB. Similar to LP-WUS Option OOK-1, timing error tolerance comes from the fact that Option OOK-2 has a long OOK pulse duration (~ at 30 kHz SCS). 
[image: ]
[bookmark: _Ref134104164]Figure 11: Impact of timing error on LP-WUS waveform Option OOK-1 performance.  

[bookmark: _Ref134180204]Observation 10: LP-WUS waveform Option OOK-2 can tolerate up to 2μs timing error at 2.6 GHz carrier frequency and 4 SCs (at 30kHz SCS) guard band between frequency segments.

1.3.3. Option OOK-4
In this section, we evaluate the link-level performance of Option OOK-4 where  time segments are considered and CP is handled by the LP-WUR. Further, we consider a shortened/compressed pulse shape in time domain, i.e., the ON waveform of the OOK pulse occupies only 80% of the pulse duration in time domain. Two sampling frequencies  MHz are considered and their impact is illustrated in Figure 12. The figure shows that a sampling frequency of  MHz is sufficient for LP-WUS waveform Option OOK-4 when  is considered, however, a sampling frequency of  MHz may be required for LP-WUS waveform Option OOK-4 when  is considered. The figure also shows that LP-WUS waveform Option OOK-4 with  (raw data rate of 224 kbps) experiences ~2 dB loss compared to  (raw data rate of 112 kbps) with proper handling of CP at LP-WUR.  
[image: ]
[bookmark: _Ref134105697]Figure 12: Impact of sampling frequency on LP-WUS waveform Option OOK-4 performance.  

[bookmark: _Ref134180215]Observation 11: A sampling frequency of 1.12 MHz may be sufficient for LP-WUS waveform Option OOK-4 with M=4 segments but a sampling frequency of 3.4 MHz may be required when M=8 segments are considered.
[bookmark: _Ref134180222]Observation 12: LP-WUS waveform Option OOK-4 with M=8 segments at raw data rate of 224 kbps experiences ~2 dB performance loss compared to M=4 segments at 112 kbps.

Impact of Frequency Error
In Figure 13, the impact of a fixed frequency error  ppm on LP-WUS waveform Option OOK-4 is evaluated. The figure shows that a guard band of 1 RB (at 30kHz SCS) is sufficient to mitigate the impact of a 100 ppm frequency error at 2.6 GHz carrier frequency for the three raw data rates of 56kbps ,112kbps , and 224kbps .
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[bookmark: _Ref134107179]Figure 13: Impact of frequency error on LP-WUS waveform Option OOK-4 performance.  

[bookmark: _Ref134180231]Observation 13: LP-WUS waveform Option OOK-4 with M∈{2,4, 8} segments can tolerate up to 100 ppm frequency error at 2.6 GHz carrier frequency and 1 RB (at 30kHz SCS) guard band on each side of the LP-WUS.

Impact of Timing Error
In Figure 14, the impact of fixed timing error  on LP-WUS waveform Option OOK-4 is evaluated. The figure shows that LP-WUS waveform Option OOK-4 can tolerate timing errors up to  when  and up to  when  with a performance degradation  dB whereas a timing error of  can result in ~4.5 dB LP-WUS detection performance degradation when  segments are considered. As opposed to LP-WUS waveform Option OOK-1 where  timing offset account for ~3% of the OOK pulse duration, it accounts for  of the OOK pulse duration when  and  when  for LP-WUS waveform Option OOK-4 at 30 kHz SCS. 
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[bookmark: _Ref134694609]Figure 14: Impact of timing error on LP-WUS waveform Option OOK-1 performance.  

[bookmark: _Ref134180245]Observation 14: A timing error of  can result in ~4.5dB LP-WUS detection performance degradation for LP-WUS waveform Option OOK-4 with M=8 segments at 2.6 GHz carrier frequency and 30kHz SCS.
[bookmark: _Ref134180251]Observation 15: LP-WUS waveform Option OOK-4 with M=2 and M=4 segments can only tolerate up to 2 μs and up to 1 μs timing error at 2.6 GHz carrier frequency and 30kHz SCS.

1.3.4. Option FSK-2
In this section, we evaluate the link-level performance of LP-WUS waveform Option FSK-2 with  bits where both conventional and envelope IF, a signal that is generated based on the envelope IFs scheme described in Section 1.2.2., signal generation are considered. 

Impact of Frequency Error
In Figure 15, the impact of a fixed frequency error  ppm on LP-WUS waveform Option FSK-2 (conventional (a) and envelope IFs (b)) with  bits is evaluated. The figure shows that a guard band of 1 RB (at 30kHz SCS and 2.6 GHz carrier frequency) is sufficient to mitigate the impact of a 50 ppm frequency error for conventional signal generation (with  dB performance degradation) and a 100 ppm frequency error for envelope IFs signal generation (with no performance degradation). Note that different sampling frequencies were considered for both conventional ( MHz) and envelope IFs ( MHz) signal generation, however, the impact of sampling frequency on the performance of envelope IFs signal generation is discussed later in this section.
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(a) Conventional FSK-2
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(b) Envelope IF FSK-2
[bookmark: _Ref134178374]Figure 15: Impact of the frequency error on the performance of LP-WUS waveform Option FSK-2 based on (a) Conventional Option FSK-2, and (b) Envelope IFs Option FSK-2.  

[bookmark: _Ref138778253]Observation 16: Conventional LP-WUS waveform Option FSK-2 with M=2 bits can tolerate only up to 50 ppm frequency error with <0.8 dB performance degradation at 2.6 GHz carrier frequency and 1 RB (at 30kHz SCS) guard band on each side of the LP-WUS.
[bookmark: _Ref134180289]Observation 17: LP-WUS waveform Option FSK-2 based on envelope IFs with M=2 bits can tolerate up to 100 ppm frequency error with no performance degradation at 2.6 GHz carrier frequency and 1 RB (at 30kHz SCS) guard band on each side of the LP-WUS.

Impact of Timing Error
In Figure 16, the impact of a fixed timing error  on LP-WUS waveform Option FSK-2 (conventional (a) and envelope IFs (b)) with  bits is evaluated. The figure shows that LP-WUS waveform Option FSK-2 based on either conventional or envelope IFs signal generation can tolerate timing errors up to  with a performance degradation  dB. Similar to LP-WUS waveform Option OOK-1,  timing offset account for only ~11% of the OOK/FSK symbol duration at 30 kHz SCS. 
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(a) Conventional FSK-2
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(b) Envelope IF FSK-2
[bookmark: _Ref134179544]Figure 16: Impact of the timing error on the performance of LP-WUS waveform based on (a) Conventional Option FSK-2, and (b) Envelope IFs Option FSK-2. 

[bookmark: _Ref134180301]Observation 18: LP-WUS waveform Option FSK-2 based on either conventional or envelope IFs signal generation with M=2 bits can tolerate up to 4 μs timing error at 2.6 GHz carrier frequency and 30kHz SCS with <0.8 dB performance degradation.

Impact of Sampling Frequency and ADC Bit Width
Three sampling frequencies  MHz are considered and their impact is illustrated in Figure 17. The figure shows that there is no difference in LP-WUS detection performance between sampling frequencies of  MHz and  MHz and that detection performance degradation of only <1 dB is experienced when a sampling frequency of  MHz is considered. 
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[bookmark: _Ref138770572]Figure 17: Impact of the sampling frequency on the performance of LP-WUS waveform Option FSK-2 with envelope IFs.  

[bookmark: _Ref138778276]Observation 19: LP-WUS waveform Option FSK-2 based on envelope IFs with M=2 bits at information data rate of 56 kbps experiences only <1 dB performance loss using sampling frequency of 0.96 MHz compared to 3.84 MHz.
The impact of ADC bit width is also evaluated in Figure 18 where ADC bit widths  bits are considered. The figure shows that 4-bit ADCs may be sufficient to approximately achieve the performance of an ideal ADC whereas a 2-bit ADC may result in a LP-WUS decoding performance loss of ~1 dB.
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[bookmark: _Ref138770765]Figure 18: Impact of ADC bit width on performance of LP-WUS waveform Option FSK-2 with envelope IFs.  

[bookmark: _Ref138778282]Observation 20: An ADC bit width of 3 or 4 are sufficient for LP-WUS waveform Option FSK-2 based on envelope IFs with M=2 bits at information data rate of 56 kbps to achieve close to ideal ADC performance.

1.3.5. Waveforms Comparison
As discussed in RAN1-113, the following cross-waveform comparisons are encouraged.
	For companies to consider for providing evaluation results
· Cross-waveform-comparison
· OOK-1 M=1 and OOK-4 M=1 (may not need to be simulated, difference can be only in frequency domain sequence used)
· OOK-1 with M x higher SCS than NR, and OOK-4 M
· M=2,4
· OOK-4 M=2 and OOK-2 M=2
· OOK-3 M=1 and OOK-1 M=1 
· OOK-1 and OOK-2 M=2 with further reduced coderate/increased sequence length
· OOK-1 and OOK-4 M=2 with further reduced coderate/increased sequence length
· FSK1/2 M=1 (1bit per OFDMA symbol) and OOK-1 M=2
· FSK1/2 M=2 (2bits per OFDMA symbol) and OOK-2 M=4
· FSK1/2 M=2 (2bits per OFDMA symbol) and OOK-4 M=4 
· OFDMA and other waveforms with roughly matching T-F resources
· Note: Above cases should result in same length of LP-WUS in OFDMA symbols and BW for both compared waveforms 
· Manchester coding 1/2 is applied to OOK for at least encoded bits (payload).
· At least time and frequency impairments should be included. 
· residual time offset 0, 1, 2 and 4 us
· residual frequency offset 0, 1, 2, 5 and 10 
· optional 50, 100 ppm 
· showing tolerance higher than above values is not precluded  
· If further improvement of the signal generation for the agreed waveforms is applied, companies are to provide relevant details




Option OOK-1 vs Option OOK-4
In Figure 19, the performance of waveform Option OOK-1 and Option OOK-4 is compared under ideal frequency and timing assumption. The figure shows that Option OOK-1 is lagging in performance compared to Option OOK-4 which is mainly due to the use of the shortened/compressed pulse used in Option OOK-4. Further, the shortened/compressed pulse is shown to improve preamble detection rate for Option OOK-4 compared to Option OOK-1 as shown in Figure 20. Comparing the results in Figure 5 and Figure 13, it can be noted that both options are robust against frequency errors up to 100 ppm at 2.6 GHz carrier frequency with sufficient guard bands. On the other hand, the results of Figure 6 and Figure 14 suggest that Option OOK-1 is more robust against timing errors than Option OOK-4.
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[bookmark: _Ref138774085]Figure 19: Comparison of LP-WUS waveform Option OOK-1 and Option OOK-4 at 2.6 GHz carrier frequency. 

[bookmark: _Ref138778304]Observation 21: LP-WUS waveform Option OOK-1 and Option OOK-4 are both robust against frequency errors up to 100 ppm at 2.6 GHz carrier frequency, but Option OOK-1 is more robust against timing errors than Option OOK-4.

[image: ]
[bookmark: _Ref138961528]Figure 20: Preamble miss-detection rate comparison for LP-WUS waveform Option OOK-1 and Option OOK-4 at 2.6 GHz carrier frequency. 

[bookmark: _Ref138962114]Observation 22: The shortened/compressed ON waveform of the OOK pulse in time domain can improve the preamble and LP-WUS detection performance by ~0.5-1.5 dB.

Option FSK-2 (envelope IFs) vs Option OOK-1
In Figure 21, the performance of waveform Option OOK-1 and Option FSK-2 (based on envelope IFs) is compared under ideal frequency and timing assumption. The figure shows that Option FSK-2 (based on envelope IFs) has similar performance to Option OOK-1 at an information data rate of 56kbps (accounting for 1/2 Manchester code rate for Option OOK-1). Comparing the results in Figure 5 and Figure 15, it can be noted that both options are robust against frequency errors up to 100 ppm at 2.6 GHz carrier frequency with sufficient guard bands. On the other hand, the results of Figure 6 and Figure 16 suggest that Option FSK-2 (based on envelope IFs) is more robust against timing errors than Option OOK-1 at information data rate of 56kbps.
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[bookmark: _Ref138774873]Figure 21: Comparison of LP-WUS waveform Option OOK-1 and Option FSK-2 (based on envelope IFs) at 2.6 GHz carrier frequency. 

[bookmark: _Ref138778324]Observation 23: LP-WUS waveform Option FSK-2 (based on envelope IFs) can provide the same performance as Option OOK-1 at information data rate of 56kbps and 2.6GHz carrier frequency.
[bookmark: _Ref138778330]Observation 24: LP-WUS waveform Option FSK-2 (based on envelope IFs) and Option OOK-1 are both robust against frequency errors up to 100 ppm at 2.6 GHz carrier frequency, but Option FSK-2 (based on envelope IFs) is more robust against timing errors than Option OOK-1 at information data rate of 56kbps.

Option FSK-2 (envelope IFs) vs Option OOK-4
In Figure 22, the performance of waveform Option OOK-4 and Option FSK-2 (based on envelope IFs) is compared under ideal frequency and timing assumption and at an information data rate of 56kbps (accounting for 1/2 Manchester code rate for Option OOK-4). The figure shows that Option FSK-2 (based on envelope IFs) has a comparable performance to Option OOK-4 when a sampling frequency of MHz is considered and  dB degradation when a sampling frequency of MHz is considered. Comparing the results in Figure 13 and Figure 15, it can be noted that both options are robust against frequency errors up to 100 ppm at 2.6 GHz carrier frequency with sufficient guard bands. On the other hand, the results of Figure 14 and Figure 16 suggest that Option FSK-2 (based on envelope IFs) is more robust against timing errors than Option OOK-4.
[image: ]
[bookmark: _Ref138777682]Figure 22: Comparison of LP-WUS waveform Option OOK-4 and Option FSK-2 (based on envelope IFs) at 2.6 GHz carrier frequency. 

[bookmark: _Ref138778336]Observation 25: LP-WUS waveform Option FSK-2 (based on envelope IFs at Fs=1.92MHz) and Option OOK-4 (at Fs=1.12MHz) have similar performance and are both robust against frequency errors up to 100 ppm at 2.6 GHz carrier frequency, but Option FSK-2 (based on envelope IFs) is more robust against timing errors than Option OOK-4.

Waveform Comparison Summary
In the following table, we summarize the cross-waveform comparison, and highlight the options with best tolerance to timing errors, frequency errors, and best detection performance.
	
	Option OOK-1
	Option OOK-2
	Option OOK-4
	Option FSK-2

	
	
	
	
	(RF Segments)
	(Envelope IF)

	Configuration (SCS, BW, )
	SCS  kHz
BW = 4.32 MHz
 MHz
	SCS = 30 kHz
BW = 4.32 MHz
 MHz
	SCS = 30 kHz
BW = 4.32 MHz
 MHz
	SCS = 30 kHz
BW = 4.32 MHz
 MHz
	SCS = 30 kHz
BW = 4.32 MHz
 MHz


	Channel
	TDL-C 300
3 km/h
 = 2.6 GHz
	TDL-C 300
3 km/h
 = 2.6 GHz
	TDL-C 300
3 km/h
 = 2.6 GHz
	TDL-C 300
3 km/h
 = 2.6 GHz
	TDL-C 300
3 km/h
 = 2.6 GHz


	Data Rate and Coding Rate
	56 kbps @ 60kHz
112 kbps @ 120 kHz

1/2 Manchester Code
	112 kbps (M = 4 frequency segments)

1/2 Manchester Code
	56 kbps (M = 2 time segments)
112 kbps (M = 4 time segments)

1/2 Manchester Code

	56 kbps (M = 2 bits per OFDM symbol)

	56 kbps (M = 2 bits per OFDM symbol)

	# OFDM Symbols for Payload + CRC (@30kHz SCS)
	24 sym @ 60kHz
12 sym @ 120kHz

	12 sym
	24 sym @ M = 2
12 sym @ M = 4

	12 sym
	12 sym

	Frequency Error Tolerance
	 ppm
	 ppm
	 ppm
	 ppm
	 ppm

	Timing Error Tolerance
	up to 2 s @ 60kHz
< 2 s @ 120kHz

	up to 2 s
	up to 2 s @ M = 2
up to 1 s @ M = 4
	up to 4 s
	up to 4 s

	Required SNR (at  BLER)
	2.1 dB @ 60kHz (low data rate)
4.7 dB @ 120kHz (high data rate)

	10.4 dB (high data rate)
	1.4 dB @ M = 2 (low data rate)
4.2 dB @ M = 4 (high data rate)
	4.3 dB (high data rate)
	4.3 dB (high data rate)

	Complexity
	Generation: med
Reception: low

	Generation: low
Reception: high
	Generation: med
Reception: low
	Generation: low
Reception: high
	Generation: low
Reception: med



Note that signal generation complexity for Option OOK-1 and Option OOK-4 are marked as medium complexity to capture the need to support mixed subcarrier spacing in Option OOK-1 (i.e., for LP-WUS and NR signals/channels) and for the additional DFT module in Option OOK-4. Also, the receiver complexity for Option FSK-2 (Envelope IF) is marked as medium for the additional Goertzel filters in digital baseband. Further, the receiver complexity for Option OOK-2 and Option FSK-2 (Conventional) are marked as high due to the need for parallel OOK receivers to detect/decode the signal.

[bookmark: _Ref142318535]Observation 26: At an information data rate of 28kbps, LP-WUS waveform Option OOK-4 provides best tolerance to time and frequency errors as well as best detection performance at acceptable complexity for signal generation and reception. 
[bookmark: _Ref142318547]Observation 27: At an information data rate of 56kbps, LP-WUS waveform Option FSK-2 (based on envelope IFs) provides best tolerance to time and frequency errors as well as close to best detection performance at acceptable complexity for signal generation and reception. 
[bookmark: _Ref142490793]Proposal 2: Support waveform Option OOK-4 and waveform Option FSK-2 (based on envelope IFs) for LP-WUS design with low and high data rates, respectively.

1.3.6. LP-SS Performance
In this section, we evaluate the link-level performance of the low-power synchronization signal (LP-SS) or the preamble which can be used for both synchronization and RRM measurements. For this purpose, we consider a set of 4 sequences {LP-SS-0, LP-SS-1, LP-SS-2, LP-SS-3} each of length 32 bits. The 32 bits are packed into 4 OFDM symbols using waveform Option OOK-4 with M = 8 time segments per OFDM symbol. CP is handled by the LP-WUR, false alarm rate (FAR) of 0.1%, and a sampling frequency  MHz are considered.
LP-SS-0
LP-SS-1
LP-SS-2
LP-SS-3
The sequence LP-SS-0 is selected to be the same as the preamble of wake-up packets in IEEE 802.11ba, which has a balanced density of 1 and 0 bits (ratio of 1 bits to sequence length of 1/2, sequence normalized density of  ratio = 1), whereas the rest of sequences (low density sequences) are selected to have a lower density of 1 bits compared to 0 bits, i.e., LP-SS-1 has 3 ON bits in every 8 bits (ratio of 3/8, sequence normalized density of 3/4), LP-SS-2 has 2 ON bits in every 8 bits (ratio of 2/8, sequence normalized density of 1/2), and LP-SS-3 has 1 ON bit in every 8 bits (ratio of 1/8, sequence normalized density of 1/4). Further, the sequences are selected such that each OFDM symbol contains a constant number of 1 bits leading to a consistent ON waveform signal level given an allocated constant power per OFDM symbol throughout the sequence transmission. The LP-SS miss-detection rate (MDR) for the set of selected sequences is compared in Figure 23. The figure shows that lowering the density of 1 bits in the LP-SS sequence can improve the performance significantly. A LP-SS with sequence normalized densities 3/4, 1/2, and 1/4 can improve the MDR performance over a LP-SS with balanced density (1) sequence by ~2, ~3, and ~5 dB, respectively.

[image: ]
[bookmark: _Ref141434707]Figure 23: MDR performance comparison of LP-SS with balanced and low-density sequence designs at FAR = 0.1%.  

[bookmark: _Ref141436842]Observation 28: A LP-SS based on low density sequences (i.e., sequences with lower number of 1 bits than 0 bits) with normalized densities 3/4, 1/2, and 1/4 can improve the MDR performance, at 0.1% FAR, over a LP-SS based on a balanced density (1) sequence by ~2, ~3, and ~5 dB, respectively.
In Figure 24, the RSRP measurement accuracy is illustrated using the RSRP measurement error (absolute difference between measured and true RSRP in dB) cumulative distribution function (CDF) considering a sampling frequency  MHz and a 4-bit ADC. The figure shows that all LP-SS options can achieve an RSRP measurement error < 2.5 dB with 90% probability. Further, the synchronization timing error CDF is illustrated in Figure 25 at a sampling frequency  MHz. It is shown that a residual timing error s with 90% probability is achievable using any of the LP-SS options with LP-SS based on low density sequences (i.e., LP-SS-1, LP-SS-2, LP-SS-3) providing slightly better timing synchronization accuracy.
[image: ]
[bookmark: _Ref141720145]Figure 24: RSRP measurement accuracy of LP-SS with balanced and low-density sequence designs.  

[image: ]
[bookmark: _Ref141720161]Figure 25: Timing synchronization accuracy of LP-SS with balanced and low-density sequence designs.  

[bookmark: _Ref141779007]Observation 29: A LP-SS consisting of a 32-bit sequence generated using waveform Option OOK-4 with M=8 and occupying 4 OFDM symbols can achieve an RSRP measurement error < 2.5 dB with 90% probability considering a sampling frequency of 1.12 MHz and a 4-bit ADC.
[bookmark: _Ref141779017]Observation 30: A LP-SS consisting of a 32-bit low density sequence generated using waveform Option OOK-4 with M=8 and occupying 4 OFDM symbols can provide a residual timing synchronization error <0.7 μs with 90% probability.
[bookmark: _Ref142490769]Proposal 3: Support low density sequences generated using waveform Option OOK-4 with M>1 for LP-SS design.

[bookmark: _Ref129681832]Conclusion
This contribution discusses the LP-WUS potential designs, design considerations, and link level simulation results. The following summarizes our observations and proposals.

LP-WUS Design Considerations/Generation and Transmission
Observation 1: The LP-WUS can be scheduled in any time-frequency resources within the configured BWP, i.e., no dedicated time-frequency resources.
Proposal 1: Support LP-WUS design utilizing low envelope intermediate frequencies (IFs) to mitigate the impacts of intra-/inter-cell interference.
Observation 2: The 2M frequency components of an M-bit FSK signal can be generated as low envelope IFs via the repetition of a sequence (of good autocorrelation properties and of length corresponding to the target IF) throughout the LP-WUS bandwidth.

Link-Level Simulation Results/Observations
Option OOK-1
Observation 3: The performance of conventional OOK LP-WUR can be improve by ~8.5 dB/~2.5 dB by switching the LP-WUS bandwidth from Option 3/Option 2 (1.08 MHz/2.88 MHz) to Option 1 (4.32 MHz).
Observation 4: Option OOK-1 can tolerate up to 100 ppm frequency error at 2.6 GHz carrier frequency and (1 RB at 30kHz SCS, 0.5 RB at 60/120kHz SCS) guard band on each side of the LP-WUS.
Observation 5: Option OOK-1 under SCS of 60kHz and 120kHz can degrade the performance by ~1dB and ~4dB, respectively, compared to Option OOK-1 under SCS of 30 kHz at 2.6 GHz carrier frequency.
Observation 6: Option OOK-1 can tolerate a timing error up to 4μs and up to 2μs under SCS of 30kHz and 60kHz, respectively, and <2μs under SCS of 120kHz, at 2.6 GHz carrier frequency and (1 RB at 30kHz SCS, 0.5 RB at 60kHz/120kHz SCS) guard band on each side of the LP-WUS.
Observation 7: Option OOK-1 with envelope IF generation/reception can tolerate up to 100 ppm frequency error and 4 μs timing error at 2.6 GHz carrier frequency and 1 RB (at 30kHz SCS) guard band on each side of the LP-WUS.
Observation 8: Envelope IF signal generation/reception has ~0.7 dB / ~1.5 dB performance improvement over conventional OOK LP-WUR with the proper selection of IF at 2.6 GHz / 4 GHz carrier frequency.

Option OOK-2
Observation 9: Interference leakage between Option OOK-2 frequency segments can degrade LP-WUS detection performance, ≤ 10 ppm frequency error at 2.6 GHz carrier frequency can be tolerated using 4 SCs (at 30kHz SCS) guard band between segments and a 5th order filter.
Observation 10: LP-WUS waveform Option OOK-2 can tolerate up to 2μs timing error at 2.6 GHz carrier frequency and 4 SCs (at 30kHz SCS) guard band between frequency segments.

Option OOK-4
Observation 11: A sampling frequency of 1.12 MHz may be sufficient for LP-WUS waveform Option OOK-4 with M=4 segments but a sampling frequency of 3.4 MHz may be required when M=8 segments are considered.
Observation 12: LP-WUS waveform Option OOK-4 with M=8 segments at raw data rate of 224 kbps experiences ~2 dB performance loss compared to M=4 segments at 112 kbps.
Observation 13: LP-WUS waveform Option OOK-4 with M∈{2,4, 8} segments can tolerate up to 100 ppm frequency error at 2.6 GHz carrier frequency and 1 RB (at 30kHz SCS) guard band on each side of the LP-WUS.
Observation 14: A timing error of  can result in ~4.5dB LP-WUS detection performance degradation for LP-WUS waveform Option OOK-4 with M=8 segments at 2.6 GHz carrier frequency and 30kHz SCS.
Observation 15: LP-WUS waveform Option OOK-4 with M=2 and M=4 segments can only tolerate up to 2 μs and up to 1 μs timing error at 2.6 GHz carrier frequency and 30kHz SCS.

Option FSK-2 (based on conventional and envelope IFs generation)
Observation 16: Conventional LP-WUS waveform Option FSK-2 with M=2 bits can tolerate only up to 50 ppm frequency error with <0.8 dB performance degradation at 2.6 GHz carrier frequency and 1 RB (at 30kHz SCS) guard band on each side of the LP-WUS.
Observation 17: LP-WUS waveform Option FSK-2 based on envelope IFs with M=2 bits can tolerate up to 100 ppm frequency error with no performance degradation at 2.6 GHz carrier frequency and 1 RB (at 30kHz SCS) guard band on each side of the LP-WUS.
Observation 18: LP-WUS waveform Option FSK-2 based on either conventional or envelope IFs signal generation with M=2 bits can tolerate up to 4 μs timing error at 2.6 GHz carrier frequency and 30kHz SCS with <0.8 dB performance degradation.
Observation 19: LP-WUS waveform Option FSK-2 based on envelope IFs with M=2 bits at information data rate of 56 kbps experiences only <1 dB performance loss using sampling frequency of 0.96 MHz compared to 3.84 MHz.
Observation 20: An ADC bit width of 3 or 4 are sufficient for LP-WUS waveform Option FSK-2 based on envelope IFs with M=2 bits at information data rate of 56 kbps to achieve close to ideal ADC performance.

Cross-Waveform Comparison
Observation 21: LP-WUS waveform Option OOK-1 and Option OOK-4 are both robust against frequency errors up to 100 ppm at 2.6 GHz carrier frequency, but Option OOK-1 is more robust against timing errors than Option OOK-4.
Observation 22: The shortened/compressed ON waveform of the OOK pulse in time domain can improve the preamble and LP-WUS detection performance by ~0.5-1.5 dB.
Observation 23: LP-WUS waveform Option FSK-2 (based on envelope IFs) can provide the same performance as Option OOK-1 at information data rate of 56kbps and 2.6GHz carrier frequency.
Observation 24: LP-WUS waveform Option FSK-2 (based on envelope IFs) and Option OOK-1 are both robust against frequency errors up to 100 ppm at 2.6 GHz carrier frequency, but Option FSK-2 (based on envelope IFs) is more robust against timing errors than Option OOK-1 at information data rate of 56kbps.
Observation 25: LP-WUS waveform Option FSK-2 (based on envelope IFs at Fs=1.92MHz) and Option OOK-4 (at Fs=1.12MHz) have similar performance and are both robust against frequency errors up to 100 ppm at 2.6 GHz carrier frequency, but Option FSK-2 (based on envelope IFs) is more robust against timing errors than Option OOK-4.
Observation 26: At an information data rate of 28kbps, LP-WUS waveform Option OOK-4 provides best tolerance to time and frequency errors as well as best detection performance at acceptable complexity for signal generation and reception.
Observation 27: At an information data rate of 56kbps, LP-WUS waveform Option FSK-2 (based on envelope IFs) provides best tolerance to time and frequency errors as well as close to best detection performance at acceptable complexity for signal generation and reception.
Proposal 2: Support waveform Option OOK-4 and waveform Option FSK-2 (based on envelope IFs) for LP-WUS design with low and high data rates, respectively.

LP-SS Performance
Observation 28: A LP-SS based on low density sequences (i.e., sequences with lower number of 1 bits than 0 bits) with normalized densities 3/4, 1/2, and 1/4 can improve the MDR performance, at 0.1% FAR, over a LP-SS based on a balanced density (1) sequence by ~2, ~3, and ~5 dB, respectively.
Observation 29: A LP-SS consisting of a 32-bit sequence generated using waveform Option OOK-4 with M=8 and occupying 4 OFDM symbols can achieve an RSRP measurement error < 2.5 dB with 90% probability considering a sampling frequency of 1.12 MHz and a 4-bit ADC.
Observation 30: A LP-SS consisting of a 32-bit low density sequence generated using waveform Option OOK-4 with M=8 and occupying 4 OFDM symbols can provide a residual timing synchronization error <0.7 μs with 90% probability.
Proposal 3: Support low density sequences generated using waveform Option OOK-4 with M>1 for LP-SS design.
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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)




RAN1#112
	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)
[image: ]
· 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.
[image: ]
· 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
[image: ]
· 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

[image: ]
· 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

Agreement
· 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.




RAN1#112bis-e
	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.




RAN1#113
	Agreement
· For at least RRM serving cell measurement performed by LP-WUR based on reference signal(s), RAN1 identified at least the following metrics for further study and evaluation (including feasibility, complexity, power consumption, etc)
· LP-RSSI or Energy detection: linear average of total received power over a RSSI resource. 
· FFS RSSI resource.
· LP-RSRP: linear average of received power of resource of reference signal(s) or signal(s) parts. 
· FFS resource of reference signal(s) or signal(s) parts
· LP-SINR = LP-RSRP/(power of interference and noise) 
· FFS how to define “power of interference and noise”
· LP-RSRQ= [N x] LP-RSRP/LP-RSSI, where N is the factor of resource size difference for evaluation LP-RSRP and LP-RSSI. 
· Accounting AGC accuracy, ADC of at least 4 bits is required. 
· Note: Reference signal for performing measurements can be e.g. SSB (PSS/SSS/PBCH DMRS), LP-WUS-waveform sequence, LP-SS
· Note: The definition of metrics could be further refined based on future study 

Agreement
Power pooling between OFDM symbols is not assumed for evaluation purposes. Average EPRE is defined per OFDM symbol.

Agreement
The following observations are to be captured in the TR
· At least for LP-WUR that cannot receive existing PSS/SSS, periodic LP-SS signal is beneficial for the following functionality.
· RRM measurements by LP-WUR, if supported 
· at least coarse time synchronization of LP-WUR. 
· at least coarse frequency synchronization of LP-WUR.
· Additional periodic LP-SS system overhead depends on LP-SS periodicity, system BW, # of beams, and resource required to fulfil the target functionality, etc. Periodic signal if used for coarse synchronization may reduce overhead of signal preceding LP-WUS, if any. LP-SS can be designed to be common among UE groups (cell-specific) and such further reduce system overhead. 
· For LP-WUR that can receive existing PSS/SSS potentially assisted by PBCH DMRS/TRS for synchronization, existing PSS/SSS potentially assisted by PBCH DMRS/TRS may be used for above functionality. 
· Periodic LP-SS coverage should be equal or better than that of LP-WUS.
· For fine time and frequency synchronization, a signal (e.g. preamble) preceding or part of LP-WUS may be used.

Agreement
· For Idle/Inactive mode, study offloading of RRM measurements of serving cell to LP-WUR under certain conditions, if any, and relaxation of serving/neighboring cell RRM measurements in MR considering
· Periodic reference signal(s) is/are used for LR measurements.
· FFS: reference signal(s) to measure, e.g. PSS/SSS/PBCH DMRS, LP-WUS waveform sequence, LP-SS
· FFS: periodicity, content
· MR performs measurements 
· Alt2: with relaxed periodicity if RRM measurement in MR is relaxed.
· FFS: Condition for relaxation if any
· Can apply for both neighboring and serving cell
· Alt3: only when reference signal(s) based measurements by LP-WUR satisfy certain condition(s), e.g. are below threshold.
· FFS threshold.
· Above MR measurement under certain conditions can apply for both neighboring and serving cell
· Potentially with relaxation methods for MR neighboring cell measurement 
· Other alternatives are not precluded
· FFS: Feasibility of RRM measurements of neighbor cells by LP-WUR

Agreement
· For waveform generation the following observations are made
· Flat spectrum in frequency domain provides robustness against frequency selective fading compared to concentrated energy in frequency domain.
· for OOK-4, sequence before DFT/LS with variation in phase via such as ZC, M-sequence or QAM sequence can achieve more flattened spectrum.
· Sequences(s) used in LP-WUS symbol generation with different pulse shape or spectral shape may have different performance. 
· Knowledge of sequence(s) used in LP-WUS waveform generation may improve performance for at least a receiver with I/Q branches
· Further discuss the following potential observations for waveform generation:
· When DFT is employed in OOK-4 (M>=2), -1/1 alternation in time or frequency shift in frequency domain may be needed to match CP-OFDM generation.
· Pre-storing of the generated frequency domain samples at gNB may reduce complexity of waveform generation at gNB with memory requirement depending on number of possible combination. This may be up to gNB implementation.
· quantization of generated waveform in frequency domain to existing constellation (e.g. 64QAM) has low impact on performance and reduces complexity. This may be up to gNB implementation.
· Repetition of a sequence(s) used in LP-WUS generation in frequency can be used to improve diversity for MC-OOK and robustness against frequency offsets for MC-FSK.

For companies to consider for providing evaluation results
· Cross-waveform-comparison
· OOK-1 M=1 and OOK-4 M=1 (may not need to be simulated, difference can be only in frequency domain sequence used)
· OOK-1 with M x higher SCS than NR, and OOK-4 M
· M=2,4
· OOK-4 M=2 and OOK-2 M=2
· OOK-3 M=1 and OOK-1 M=1 
· OOK-1 and OOK-2 M=2 with further reduced coderate/increased sequence length
· OOK-1 and OOK-4 M=2 with further reduced coderate/increased sequence length
· FSK1/2 M=1 (1bit per OFDMA symbol) and OOK-1 M=2
· FSK1/2 M=2 (2bits per OFDMA symbol) and OOK-2 M=4
· FSK1/2 M=2 (2bits per OFDMA symbol) and OOK-4 M=4 
· OFDMA and other waveforms with roughly matching T-F resources
· Note: Above cases should result in same length of LP-WUS in OFDMA symbols and BW for both compared waveforms 
· Manchester coding 1/2 is applied to OOK for at least encoded bits (payload).
· At least time and frequency impairments should be included. 
· residual time offset 0, 1, 2 and 4 us
· residual frequency offset 0, 1, 2, 5 and 10 
· optional 50, 100 ppm 
· showing tolerance higher than above values is not precluded  
· If further improvement of the signal generation for the agreed waveforms is applied, companies are to provide relevant details
· For evaluation of LP-SS accuracy, assume SNR at [-3dB] and LP-WUR noise figure should be reported

Agreement
· Study the following techniques/mechanisms to enhance coverage performance of LP-WUS
· low complex channel coding 
· FEC
· spreading code in time domain
· time domain repetition 
· with combining before or after ED
· time-domain interleaving
· Note: Also Manchester coding can be considered as channel code     
· non-contiguous transmission in the frequency domain
· frequency domain repetition 
· frequency-hopping
· power-boosting
· transmit diversity
· study whether any above techniques could be transparent to UE.

Agreement
· For Idle/Inactive mode, following options for activation and deactivation of LP-WUS monitoring by LP-WUR for a UE can be considered for study
· Alt 1a: 
· gNB transmits legacy paging indication and LP-WUS
· UE activation and/or deactivation of LP-WUS WUS monitoring is up to UE implementation.
· This behavior may apply based on channel condition, e.g. when coverage is sufficient/insufficient.
· Alt 1b: 
· gNB transmits legacy paging indication and LP-WUS
· UE activation and/or deactivation of LP-WUS monitoring is based on preconfigured criteria
· This behavior may apply based on channel condition, e.g. when coverage is sufficient/insufficient.
· Alt 2: 
· activation and/or deactivation of LP-WUS monitoring in a cell is based on signalling.
· Paging misdetection performance shall not be impacted.

Agreement
· In RRC CONNECTED mode, study benefit of LP-WUS over existing Rel-15, R16, and R17 power saving techniques for following functionalities: 
· LP-WUS with similar functionality as R16 DCP. 
· LP-WUS activates/resumes PDCCH monitoring when LP-WUS is received.
· interaction with legacy power saving techniques, if any 
· other functionalities are not precluded
· for evaluation 
· companies to report 
· assumption on MR sleep state when LP-WUR is monitoring LP-WUS
· deep sleep,
· light sleep, 
· micro sleep
· how to activate/deactivate LP-WUS monitoring and deactivate/activate PDCCH monitoring
· LP-WUS waveform
· In RRC CONNECTED mode, LP-WUS monitoring can be activated/deactivated by at least one or more of
· by gNB RRC signaling, with or without UE assistance.
· by gNB L1/L2 LP-WUS activation/deactivation signaling, with or without UE assistance.
· based on pre-configured condition(s), such as timer. 
· LP-WUS monitoring by UE is known to gNB, study whether it could be transparent to gNB.
· other options are not precluded.
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~0.7dB
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=28kbps, Fs=1.12MHz

BW Option 1, Conventional,  f=0 ppm,  T=0 us

BW Option 1, Conventional,  f=0 ppm,  T=4 us

BW Option 1, envelope IF,  f=0 ppm,  T=0 us

BW Option 1, envelope IF,  f=0 ppm,  T=4 us

Waveform Generation:

Option OOK-1

~0.7dB
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Fc= [4GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=28kbps, Fs=1.12MHz



BW Option 1, Conventional
BW Option 1, envelope IF
BW Option 2, Conventional
BW Option 2, envelope IF



Waveform Generation:
Option OOK-1



~1.5 dB ~1.5 dB
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Fc= [4GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=28kbps, Fs=1.12MHz

BW Option 1, Conventional

BW Option 1, envelope IF

BW Option 2, Conventional

BW Option 2, envelope IF

Waveform Generation:

Option OOK-1

~1.5 dB

~1.5 dB
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=112kbps, Fs=1.12MHz



BW Option 1, M=4, f=0 ppm, T=0 us
BW Option 1, M=4, f=10 ppm, T=0 us
BW Option 1, M=4, f=50 ppm, T=0 us
BW Option 1, M=4, f=0 ppm, T=0 us
BW Option 1, M=4, f=10 ppm, T=0 us
BW Option 1, M=4, f=50 ppm, T=0 us



Waveform Generation:
Option OOK-2



3rd order 
filter



5th order 
filter
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=112kbps, Fs=1.12MHz

BW Option 1, M=4,  f=0 ppm,  T=0 us

BW Option 1, M=4,  f=10 ppm,  T=0 us

BW Option 1, M=4,  f=50 ppm,  T=0 us

BW Option 1, M=4,  f=0 ppm,  T=0 us

BW Option 1, M=4,  f=10 ppm,  T=0 us

BW Option 1, M=4,  f=50 ppm,  T=0 us

Waveform Generation:

Option OOK-2

3rd order 

filter

5th order 

filter
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=112kbps



BW Option 1, M=4, f=0 ppm, T=0 us
BW Option 1, M=4, f=0 ppm, T=1 us
BW Option 1, M=4, f=0 ppm, T=2 us
BW Option 1, M=4, f=0 ppm, T=0 us
BW Option 1, M=4, f=0 ppm, T=1 us
BW Option 1, M=4, f=0 ppm, T=2 us



5th order 
filter



3rd order 
filter



Waveform Generation:
Option OOK-2
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=112kbps

BW Option 1, M=4,  f=0 ppm,  T=0 us

BW Option 1, M=4,  f=0 ppm,  T=1 us

BW Option 1, M=4,  f=0 ppm,  T=2 us

BW Option 1, M=4,  f=0 ppm,  T=0 us

BW Option 1, M=4,  f=0 ppm,  T=1 us

BW Option 1, M=4,  f=0 ppm,  T=2 us

5th order 

filter

3rd order 

filter

Waveform Generation:

Option OOK-2
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=112/224kbps



BW Option 1, M=4, f=0 ppm, T=0 us, Fs=1.12MHz
BW Option 1, M=8, f=0 ppm, T=0 us, Fs=1.12MHz
BW Option 1, M=4, f=0 ppm, T=0 us, Fs=3.4MHz
BW Option 1, M=8, f=0 ppm, T=0 us, Fs=3.4MHz



Waveform Generation:
Option OOK-4
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=112/224kbps

BW Option 1, M=4,  f=0 ppm,  T=0 us, Fs=1.12MHz

BW Option 1, M=8,  f=0 ppm,  T=0 us, Fs=1.12MHz

BW Option 1, M=4,  f=0 ppm,  T=0 us, Fs=3.4MHz

BW Option 1, M=8,  f=0 ppm,  T=0 us, Fs=3.4MHz

Waveform Generation:

Option OOK-4
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=112/224kbps, Fs=3.4MHz



BW Option 1, M=2, f=0 ppm, T=0 us
BW Option 1, M=2, f=100 ppm, T=0 us
BW Option 1, M=4, f=0 ppm, T=0 us
BW Option 1, M=4, f=100 ppm, T=0 us
BW Option 1, M=8, f=0 ppm, T=0 us
BW Option 1, M=8, f=100 ppm, T=0 us



Waveform Generation:
Option OOK-4
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=112/224kbps, Fs=3.4MHz

BW Option 1, M=2,  f=0 ppm,  T=0 us

BW Option 1, M=2,  f=100 ppm,  T=0 us

BW Option 1, M=4,  f=0 ppm,  T=0 us

BW Option 1, M=4,  f=100 ppm,  T=0 us

BW Option 1, M=8,  f=0 ppm,  T=0 us

BW Option 1, M=8,  f=100 ppm,  T=0 us

Waveform Generation:

Option OOK-4
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=112/224kbps, Fs=3.4MHz



BW Option 1, M=2, f=0 ppm, T=0 us
BW Option 1, M=2, f=0 ppm, T=2 us
BW Option 1, M=4, f=0 ppm, T=0 us
BW Option 1, M=4, f=0 ppm, T=1 us
BW Option 1, M=4, f=0 ppm, T=2 us
BW Option 1, M=8, f=0 ppm, T=0 us
BW Option 1, M=8, f=0 ppm, T=1 us



Waveform Generation:
Option OOK-4
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=112/224kbps, Fs=3.4MHz

BW Option 1, M=2,  f=0 ppm,  T=0 us

BW Option 1, M=2,  f=0 ppm,  T=2 us

BW Option 1, M=4,  f=0 ppm,  T=0 us

BW Option 1, M=4,  f=0 ppm,  T=1 us

BW Option 1, M=4,  f=0 ppm,  T=2 us

BW Option 1, M=8,  f=0 ppm,  T=0 us

BW Option 1, M=8,  f=0 ppm,  T=1 us

Waveform Generation:

Option OOK-4
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=56kbps, Fs=1.12MHz



BW Option 1, Conventional, M=2, f=0 ppm, T=0 us
BW Option 1, Conventional, M=2, f=50 ppm, T=0 us
BW Option 1, Conventional, M=2, f=100 ppm, T=0 us



Waveform Generation:
Option FSK-2 (Conventional)
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=56kbps, Fs=1.12MHz

BW Option 1, Conventional, M=2,  f=0 ppm,  T=0 us

BW Option 1, Conventional, M=2,  f=50 ppm,  T=0 us

BW Option 1, Conventional, M=2,  f=100 ppm,  T=0 us

Waveform Generation:

Option FSK-2 (Conventional)


image19.emf



-8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12



Signal-to-Noise Ratio (dB)



10-3



10-2



10-1



100



B
lo



ck
 E



rr
o



r 
R



at
e 



(B
L



E
R



)



Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=56kbps, Fs=3.84MHz



BW Option 1, Envelope IF, M=2, f=0 ppm, T=0 us
BW Option 1, Envelope IF, M=2, f=50 ppm, T=0 us
BW Option 1, Envelope IF, M=2, f=100 ppm, T=0 us



Waveform Generation:
Option FSK-2 (envelope IFs)
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=56kbps, Fs=3.84MHz

BW Option 1, Envelope IF, M=2,  f=0 ppm,  T=0 us

BW Option 1, Envelope IF, M=2,  f=50 ppm,  T=0 us

BW Option 1, Envelope IF, M=2,  f=100 ppm,  T=0 us

Waveform Generation:

Option FSK-2 (envelope IFs)
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=56kbps, Fs=1.12MHz



BW Option 1, Conventional, M=2, f=0 ppm, T=0 us
BW Option 1, Conventional, M=2, f=0 ppm, T=4 us



Waveform Generation:
Option FSK-2 (Conventional)
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=56kbps, Fs=1.12MHz

BW Option 1, Conventional, M=2,  f=0 ppm,  T=0 us

BW Option 1, Conventional, M=2,  f=0 ppm,  T=4 us

Waveform Generation:

Option FSK-2 (Conventional)
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=56kbps, Fs=3.84MHz



BW Option 1, Envelope IF, M=2, f=0 ppm, T=0 us
BW Option 1, Envelope IF, M=2, f=0 ppm, T=4 us



Waveform Generation:
Option FSK-2 (envelope IFs)
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=56kbps, Fs=3.84MHz

BW Option 1, Envelope IF, M=2,  f=0 ppm,  T=0 us

BW Option 1, Envelope IF, M=2,  f=0 ppm,  T=4 us

Waveform Generation:

Option FSK-2 (envelope IFs)
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=56kbps



BW Option 1, M=2, f=0 ppm, T=0 us, Fs=3.84MHz
BW Option 1, M=2, f=0 ppm, T=0 us, Fs=1.92MHz
BW Option 1, M=2, f=0 ppm, T=0 us, Fs=0.96MHz



Waveform Generation:
Option FSK-2 (envelope IFs)
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=56kbps

BW Option 1, M=2,  f=0 ppm,  T=0 us, Fs=3.84MHz

BW Option 1, M=2,  f=0 ppm,  T=0 us, Fs=1.92MHz

BW Option 1, M=2,  f=0 ppm,  T=0 us, Fs=0.96MHz

Waveform Generation:

Option FSK-2 (envelope IFs)
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=56kbps, Fs=1.92MHz



BW Option 1, M=2, f=0 ppm, T=0 us, Ideal ADC
BW Option 1, M=2, f=0 ppm, T=0 us, 2-bit ADC
BW Option 1, M=2, f=0 ppm, T=0 us, 4-bit ADC



Waveform Generation:
Option FSK-2 (envelope IFs)
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=56kbps, Fs=1.92MHz

BW Option 1, M=2,  f=0 ppm,  T=0 us, Ideal ADC

BW Option 1, M=2,  f=0 ppm,  T=0 us, 2-bit ADC

BW Option 1, M=2,  f=0 ppm,  T=0 us, 4-bit ADC

Waveform Generation:

Option FSK-2 (envelope IFs)
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=56/112kbps, 
Fs=3.4MHz, BW Option 1



OOK-4, M=2, f=0 ppm, T=0 us
OOK-4, M=4, f=0 ppm, T=0 us
OOK-1, f=0 ppm, T=0 us, SCS = 60kHz
OOK-1, f=0 ppm, T=0 us, SCS = 120kHz
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=56/112kbps, 

Fs=3.4MHz, BW Option 1

OOK-4, M=2,  f=0 ppm,  T=0 us

OOK-4, M=4,  f=0 ppm,  T=0 us

OOK-1,  f=0 ppm,  T=0 us, SCS = 60kHz

OOK-1,  f=0 ppm,  T=0 us, SCS = 120kHz
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=56/112kbps, 
Fs=3.4MHz, BW Option 1



OOK-1, f=0 ppm, T=0 us, SCS = 60kHz
OOK-1, f=0 ppm, T=0 us, SCS = 120kHz
OOK-4, M=4, f=0 ppm, T=0 us
OOK-4, M=2, f=0 ppm, T=0 us
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=56/112kbps, 

Fs=3.4MHz, BW Option 1

OOK-1,  f=0 ppm,  T=0 us, SCS = 60kHz

OOK-1,  f=0 ppm,  T=0 us, SCS = 120kHz

OOK-4, M=4,  f=0 ppm,  T=0 us

OOK-4, M=2,  f=0 ppm,  T=0 us
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], Rc=56kbps, BW Option 1



FSK-2, Envelope IF, M=2, f=0 ppm, T=0 us, Fs=0.96MHz
OOK-1, f=0 ppm, T=0 us, SCS = 120kHz, Fs=1.12MHz
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], Rc=56kbps, BW Option 1

FSK-2, Envelope IF, M=2,  f=0 ppm,  T=0 us, Fs=0.96MHz

OOK-1,  f=0 ppm,  T=0 us, SCS = 120kHz, Fs=1.12MHz
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R
i
=56kbps, BW Option 1



FSK-2, Envelope IF, M=2, f=0 ppm, T=0 us, Fs=0.96MHz
FSK-2, Envelope IF, M=2, f=0 ppm, T=0 us, Fs=1.92MHz
OOK-4, M=4, f=0 ppm, T=0 us, Fs=1.12MHz
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R

i

=56kbps, BW Option 1

FSK-2, Envelope IF, M=2,  f=0 ppm,  T=0 us, Fs=0.96MHz

FSK-2, Envelope IF, M=2,  f=0 ppm,  T=0 us, Fs=1.92MHz

OOK-4, M=4,  f=0 ppm,  T=0 us, Fs=1.12MHz
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=224kbps, Fs=1.12MHz



IEEE 802.11ba (LP-SS-0)
3 ON pulses per OFDM Sym (LP-SS-1)
2 ON pulses per OFDM Sym (LP-SS-2)
1 ON pulses per OFDM Sym (LP-SS-3)



Waveform Generation:
Option OOK-4 (M = 8)
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=224kbps, Fs=1.12MHz

IEEE 802.11ba (LP-SS-0)

3 ON pulses per OFDM Sym (LP-SS-1)

2 ON pulses per OFDM Sym (LP-SS-2)

1 ON pulses per OFDM Sym (LP-SS-3)

Waveform Generation:

Option OOK-4 (M = 8)
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=224kbps, Fs=1.12MHz



IEEE 802.11ba (LP-SS-0)
3 ON pulses per OFDM Sym (LP-SS-1)
2 ON pulses per OFDM Sym (LP-SS-2)
1 ON pulses per OFDM Sym (LP-SS-3)



Waveform Generation:
Option OOK-4 (M = 8)
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=224kbps, Fs=1.12MHz

IEEE 802.11ba (LP-SS-0)

3 ON pulses per OFDM Sym (LP-SS-1)

2 ON pulses per OFDM Sym (LP-SS-2)

1 ON pulses per OFDM Sym (LP-SS-3)

Waveform Generation:

Option OOK-4 (M = 8)
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=224kbps, Fs=11.2MHz



IEEE 802.11ba (LP-SS-0)
3 ON pulses per OFDM Sym (LP-SS-1)
2 ON pulses per OFDM Sym (LP-SS-2)
1 ON pulses per OFDM Sym (LP-SS-3)



Waveform Generation:
Option OOK-4 (M = 8)
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Fc= [2.6GHz], UE Speed= [3km/h], Channel= [TDL-C 300ns], R=224kbps, Fs=11.2MHz

IEEE 802.11ba (LP-SS-0)

3 ON pulses per OFDM Sym (LP-SS-1)

2 ON pulses per OFDM Sym (LP-SS-2)

1 ON pulses per OFDM Sym (LP-SS-3)

Waveform Generation:

Option OOK-4 (M = 8)
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