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Introduction
[bookmark: _Hlk66110521]In RAN1#112b-e, the agreements address the operation band, EPRE assumptions, evaluation methodology, and LP-WUS content in different RRC modes. Further studies include exploring carrier configurations, LP-WUS information alternatives, input signal modulation methods, and enhancing LP-WUS coverage performance. The specifics of the agreements can be found in Appendix 5.1.
In this contribution, we propose a unified design for LPWUR, reusing NR signals for synchronization, RRM offloading, and enhanced repetition using pre-ED combining, accommodating various LPWUS and LPWUR configurations.

L1 Design
Assumption on synchronization and RRM offloading
If the LPWUR can reuse the existing NR reference signal, such as SSB, it is reasonable to assume that timing and frequency synchronization can be achieved, and RRM offloading can be supported to a certain level.
Considering the low complexity of LPWUR hardware, the synchronization and measurement accuracy may not achieve the same level as the main radio. It is reasonable to relax the accuracy requirements to support the agreed LPWUR architectures. Given an RTC clock with a 20ppm frequency error, it is feasible to assume a timing error within 2us and a residual frequency error within 2 ppm when LPWUR maintains synchronization every 320ms.
For the timing requirement within 2us, a simple receiver, as illustrated in Figure 1, can be used. The receiver detects the real part of the PSS signal based on the pre-stored PSS candidates. As a result, no IQ branch, FFT, or high-quality LO is needed when the number of pre-stored PSS candidates is sufficient to cover the frequency error assumption. Once synchronization is completed, the residual frequency error can be within 2 ppm, maintained by the simple PLL/FLL circuit and the synchronization periodicity.
We recommend the R18 study focusing on L1 design under the following conditions: timing error of 2us, frequency error within 2ppm, and the support of RRM offloading, assuming the LPWUR can resue NR SSB.
[bookmark: _Toc134825732][bookmark: _Toc134827375][bookmark: _Toc134827385][bookmark: _Toc134827394][bookmark: _Toc135034815]Consider the R18 study focusing on LPWUS content and payload design for LPWUR, assuming NR SSB reuse and considering a 2us timing error, 2ppm frequency error, and RRM offloading support.
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[bookmark: _Ref134816928]Figure 1: Equavent baseband model for reusing PSS for synchronzaiton

Hierarchical LPWUS 
It is possible to have a unified design to accommodate different types of LPWUS and various LPWURs. A unified design combining various LPWUS and LPWUR implementations adapts to different data rates and waveform demands, striking a balance between coverage and spectral efficiency. For example, UE at the cell center supports higher data rates, while UE at the cell edge or under strong interference sustains lower data rates.
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Figure 2: Superposition of OOK and OFDM waveforms
For instance, using signal realization within the OOK modulation enhances communication capabilities by conveying information to OFDM receivers. Since OOK modulation only focuses on accumulated power over a time duration, the signal realization can be designed as OFDMA sequences, providing additional information to OFDM receivers. The superposition of OOK enhances spectral efficiency by sharing the same time and frequency domain among multiple signals.
[bookmark: _Toc134827376][bookmark: _Toc134827386][bookmark: _Toc134827395][bookmark: _Toc135034816]Study a unified design to accommodate different types of LPWUS and various LPWUR designs.
[bookmark: _Toc134827377][bookmark: _Toc134827387][bookmark: _Toc134827396][bookmark: _Toc135034817]Use the signal realization within the OOK modulation to convey information to OFDM receivers.

How to achieve effective repetition for coverage
Presumably, repetition should gain 3dB once we double the resources. However, for non-coherent OOK detection, increasing the OOK signal from 1 OFDM symbol to 4 OFDM symbols only gain 3dB, which is 3dB less than expected.
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Figure 3: Pre-ED, Post-ED combining, and Sequence Extension, 0 ppm CFO, AWGN
The main reason is that the receiver effectively performs a post-ED combining, wherein the noise cannot be effectively averaged out after the combining. On the contrary, a repetition that allows UE to perform pre-ED combining can effectively average out the noise samples and achieve 6 dB gains from 1 OFDM to 4 OFDM symbols.
The optimal pre-ED combining assumes perfect timing and no frequency error. However, with a 200 ppm frequency error, we observe similar gains for pre-ED combining without synchronizing their phases.
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Figure 4: Pre-ED, Post-ED combining, and Sequence Extension, 200 ppm CFO, AWGN
In general, if LPWUR has periodic synchronization to maintain timing and frequency uncertainty, and if the LPWUS are transmitted continuously, it will be beneficial to combine LPWUS before ED than after it. 
Table 1: Comparison of Pre-ED and Post-ED Combining Methods in OOK Signal Reception
	Combining Method
	Pre-ED Combining
	Post-ED Combining

	Noise Averaging
	Effective
	Less effective

	Gain (1 to 4 OFDM symbols)
	6 dB
	3 dB

	Timing Requirements
	Requires periodic synchronization
	Less dependent on synchronization

	Frequency Error Impact
	Possible to handle a 200 ppm error
	Not sensitive to frequency errors

	Implementation
	Combine before envelope detection
	Combine after envelope detection

	Coverage Enhancement
	Higher when using short OOK signals
	Lower compared to pre-ED combining



[bookmark: _Toc134827378][bookmark: _Toc134827388][bookmark: _Toc134827397][bookmark: _Toc135034818]Increasing the OOK sequence from 1 OFDM symbol to 4 OFDM symbols only gains 3dB.
[bookmark: _Toc134827379][bookmark: _Toc134827389][bookmark: _Toc134827398][bookmark: _Toc135034819]On the contrary, the repetition of a short OOK, e.g., [0 1] or [1 0], allows UE to perform pre-ED combining that effectively averages out the noise samples and achieves 3dB gains with 2 OFDM symbols.
[bookmark: _Toc134827380][bookmark: _Toc134827390][bookmark: _Toc134827399][bookmark: _Toc135034820]Capture the following observation in TR38.869: For coverage enhancement, repetitions of a short OOK signal are more effective than a long OOK signal by allowing UE to perform combining before the envelop detection. 

0. Procedure
0. MR and LR Cooperation
UE should not turn MR off before LPWUR has been synchronized, otherwise, it will lead to misunderstanding between UE and gNB. Also, without given any monitoring occasion, there is a risk of high FAR.
With this regard, it is beneficial for MR to feedback on the LR synchronization results to the gNB if enabling LPWUS is controlled by the gNB. If it is up to UE, then it is beneficial for MR to stay awake before LPWUR has synchronized.
[bookmark: _Toc131701303][bookmark: _Toc134825733][bookmark: _Toc134827381][bookmark: _Toc134827391][bookmark: _Toc134827400][bookmark: _Toc135034821][bookmark: _Hlk134824964]To prevent the risk of a high FAR, UE should not turn MR off before LPWUR synchronizes with the network successfully.


0. RRM relaxation
For Rel-16 RRM relaxation, the specification defines two triggering evaluation criteria for determining if a UE can perform relaxed measurement: Low-mobility and not-at-cell-edge. The corresponding evaluation formulas are provided in TS 38.304. Additionally, the network can independently configure the triggering criteria.
· Low-mobility criterion: (SrxlevRef – Srxlev) < SSearchDeltaP for a period of TSearchDeltaP; Note: Based on the fluctuation of serving cell's RSRP.
· Not-at-cell-edge criterion: Srxlev > SSearchThresholdP, and, Squal > SSearchThresholdQ, if SSearchThresholdQ is configured. Note: Based on a comparison between serving cell's RSRP (or RSRP & RSRQ) with absolute thresholds.
Rel-16 spec defines two methods for measurement relaxation:
· Relax measurements with longer intervals (scaling factor), as defined in TS 38.133.
· Stop measurements for up to 1 hour.
UE applies relaxation methods based on low-mobility, not-at-cell-edge evaluations, and cell reselection priority of target inter-frequency and inter-RAT frequencies. 
Table 2: Triggering Evaluation Criteria for RRM Relaxation in R16 Power Saving
	Criteria
	Evaluation Formulas
	Notes

	Low-mobility
	(SrxlevRef – Srxlev) < SSearchDeltaP for a period of TSearchDeltaP
	Based on the fluctuation of serving cell's RSRP

	Not-at-cell-edge
	Srxlev > SSearchThresholdP and Squal > SSearchThresholdQ 
	Based on a comparison between the serving cell's RSRP (or RSRP & RSRQ) with absolute thresholds


Table 3: RRM Relaxation Methods in R16 Power Saving
	Measurement Relaxation Methods
	Description

	Method 1
	Relax measurements with longer intervals (scaling factor) as defined in TS 38.133

	Method 2
	Stop measurements for up to 1 hour


When considering serving cell and neighboring cell RRM offloading with the existing Rel-16 RRM relaxation in power-saving WID, it's essential to ensure that the offloading of RRM measurements is coordinated with neighboring cell. Depending on the serving cell's criteria fulfillment, follow either Method 1 (relaxing measurements with longer intervals) or Method 2 (stopping measurements for up to 1 hour) to reduce the power consumption while still ensuring the performance is not affected.
[bookmark: _Toc135034822]Study LPWUS-based RRM offloading with the existing Rel-16 RRM relaxation in power-saving WID.

Conclusion
In this contribution, we have the following observations and proposals.
Proposal 1	Consider the R18 study focusing on LPWUS content and payload design for LPWUR, assuming NR SSB reuse and considering a 2us timing error, 2ppm frequency error, and RRM offloading support.
Proposal 2	Study a unified design to accommodate different types of LPWUS and various LPWUR designs.
Proposal 3	Use the signal realization within the OOK modulation to convey information to OFDM receivers.
Observation 1	Increasing the OOK sequence from 1 OFDM symbol to 4 OFDM symbols only gains 3dB.
Observation 2	On the contrary, the repetition of a short OOK, e.g., [0 1] or [1 0], allows UE to perform pre-ED combining that effectively averages out the noise samples and achieves 3dB gains with 2 OFDM symbols.
Proposal 4	Capture the following observation in TR38.869: For coverage enhancement, repetitions of a short OOK signal are more effective than a long OOK signal by allowing UE to perform combining before the envelop detection.
Proposal 5	To prevent the risk of a high FAR, UE should not turn MR off before LPWUR synchronizes with the network successfully.
Proposal 6	Study LPWUS-based RRM offloading with the existing Rel-16 RRM relaxation in power-saving WID.

Reference 
[bookmark: _Ref114754378]RP-222644, Revised SID: Study on low-power Wake-up Signal and Receiver for NR, vivo

Appendix 
[bookmark: _Ref131699992]Agreements in RAN1#112b-e
Agreement in RAN1#112b-e
· 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 in RAN1#112b-e
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 in RAN1#112b-e
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 in RAN1#112b-e
· 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 in RAN1#112b-e
· 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 in RAN1#112b-e
· 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 in RAN1#112b-e
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 in RAN1#112b-e
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 whether there is a need to additionally modulate / to specify input signal or/and whether it can be left up to gNB implementation
· 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 in RAN1#112b-e
· 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.

image1.png
4[ cP ]4—[ IFFT ]-7PSS+OOKpaonad+CRC

K N
CFO ® 1024-point °

Normalize  4bit-ADC @3.84MH1 Detect PSS

>[AGC ) >[ADC »[ 18 -[ Cross
MR ] Correlate
4.32MHz I

AWGN PSS candidates
(Time-domain values provided by MR)

MR




image2.png




image3.png
real par signal before ED after ADC, CFO = 0ppm

100 200 300 400 500





image4.png
Packet Error Rate (PER)

PER over AWGN with Oppm CFO and asci

10°
-6~ [10], 1 OFDM sym
% [10101010], 4 OFDM sym
- [10]+{10]+{10]+{10], after ED
8- [10]{10]+[10]-{10], befare ED
10"
1% MDR
, @-7.53dB
10
1% MDR 1% MDR
, @-13.50dB @-10.85dB
10°F
10*
20 -15 -10 -5

SNR (dB)




image5.png
real par signal before ED after ADC

— edend

100 200 300 400





image6.png
Packet Error Rate (PER)

3

3

3

10

PER over AWGN with 200ppm CFO and asci

—e- [1010], 2 OFDM sym
- [10101010], 4 OFDM sym
- [1010}-{1010], after ED

8- [1010}+{1010], before ED,

1% MDR

1% MDR @-9.18dB

@-11.86dB

1% MDR
@-10.96dB

-15 -10
SNR (dB)






3GPP TSG RAN WG1 #113


 


R1


-


2305654


 


Incheon, Korea, May 22nd 


–


 


May 26th, 2023


 


 


 


Source: 


 


MediaTek Inc.


 


Title: 


 


L1 signal design and procedure for low power WUS


 


Agenda item:


 


9.


1


1


.


3


 


Document for:


 


Discussion


 


1


 


Introduction


 


In 


RAN1#112b


-


e, the agreements address the operation band, EPRE assumptions, evaluation methodology, and LP


-


WUS content in different RRC modes. Further studies include exploring carrier configurations, LP


-


WUS information 


alternatives, input signal modulation 


methods, and enhancing LP


-


WUS coverage performance.


 


The specifics of the 


agreements can be found in


 


Appendix


 


5.1


.


 


In this contribution, 


we


 


propose a unified design for LPWUR, reusing NR signals for synchronization, RRM offloading, 


and enhanced repetition using pre


-


ED combining, accommodating various LPW


US and LPWUR configurations.


 


 


2


 


L


1 Design


 


2.1


 


Assumption on synchronization and RRM offloading


 


If the LPWUR can reuse the existing NR reference signal, such as SSB, it is reasonable to assume that timing and 


frequency synchronization can be achieved, and RRM 


offloading can be supported to a certain level.


 


Considering the low complexity of LPWUR hardware, the synchronization and measurement accuracy may not 


achieve the same level as the main radio. It is reasonable to relax the accuracy requirements to support 


the agreed 


LPWUR architectures. Given an RTC clock with a 20ppm frequency error, it is feasible to assume a timing error within 


2us and a residual frequency error within 2 ppm when LPWUR maintains synchronization every 320ms.


 


For the timing requirement wit


hin 2us, a simple receiver, as illustrated in 


Figure 


1


, can be used. The receiver detects 


the real part of the PSS signal based on the pre


-


stored PSS candidates. As a


 


result, no IQ branch, FFT, or high


-


quality 


LO is needed when the number of pre


-


stored PSS candidates 


is sufficient to


 


cover the 


frequency error


 


assumption. 


Once synchronization is completed, the residual frequency error can be within 2 ppm, maintained by 


the simple 


PLL/FLL circuit and the synchronization periodicity.


 


We 


recommend the R18


 


study focusing on L1 design under the following conditions:


 


t


iming error of 2us


, f


requency 


error within 2ppm


, and the support of 


RRM offloading


, assuming the LPWUR can resue NR SSB.


 


Proposal 1


 


C


onsider


 


the


 


R18 study focusing on 


LPWUS 


content


 


and payload


 


design


 


for LPWUR, assuming NR 


SSB reuse and considering a 2us timing error, 2ppm frequency error, and RRM offloading support.


 




3GPP TSG RAN WG1 #113   R1 - 2305654   Incheon, Korea, May 22nd  –   May 26th, 2023       Source:    MediaTek Inc.   Title:    L1 signal design and procedure for low power WUS   Agenda item:   9. 1 1 . 3   Document for:   Discussion   1   Introduction   In  RAN1#112b - e, the agreements address the operation band, EPRE assumptions, evaluation methodology, and LP - WUS content in different RRC modes. Further studies include exploring carrier configurations, LP - WUS information  alternatives, input signal modulation  methods, and enhancing LP - WUS coverage performance.   The specifics of the  agreements can be found in   Appendix   5.1 .   In this contribution,  we   propose a unified design for LPWUR, reusing NR signals for synchronization, RRM offloading,  and enhanced repetition using pre - ED combining, accommodating various LPW US and LPWUR configurations.     2   L 1 Design   2.1   Assumption on synchronization and RRM offloading   If the LPWUR can reuse the existing NR reference signal, such as SSB, it is reasonable to assume that timing and  frequency synchronization can be achieved, and RRM  offloading can be supported to a certain level.   Considering the low complexity of LPWUR hardware, the synchronization and measurement accuracy may not  achieve the same level as the main radio. It is reasonable to relax the accuracy requirements to support  the agreed  LPWUR architectures. Given an RTC clock with a 20ppm frequency error, it is feasible to assume a timing error within  2us and a residual frequency error within 2 ppm when LPWUR maintains synchronization every 320ms.   For the timing requirement wit hin 2us, a simple receiver, as illustrated in  Figure  1 , can be used. The receiver detects  the real part of the PSS signal based on the pre - stored PSS candidates. As a   result, no IQ branch, FFT, or high - quality  LO is needed when the number of pre - stored PSS candidates  is sufficient to   cover the  frequency error   assumption.  Once synchronization is completed, the residual frequency error can be within 2 ppm, maintained by  the simple  PLL/FLL circuit and the synchronization periodicity.   We  recommend the R18   study focusing on L1 design under the following conditions:   t iming error of 2us , f requency  error within 2ppm , and the support of  RRM offloading , assuming the LPWUR can resue NR SSB.   Proposal 1   C onsider   the   R18 study focusing on  LPWUS  content   and payload   design   for LPWUR, assuming NR  SSB reuse and considering a 2us timing error, 2ppm frequency error, and RRM offloading support.  

