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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
Various aspects on physical layer design of LP-WUS are discussed. Firstly, fundamental waveform design for LP-WUS with further details is discussed in section 2. Secondly, issues regarding coexistence with legacy NR signal are analyzed in section 3. Several coverage recovery schemes are evaluated and compared in section 4. Key issues regarding LP-SS designs are addressed in section 5.
[bookmark: _Ref155190735][bookmark: _Ref129681832]Waveform design of LP-WUS
Regarding the waveform design for LP-WUS, the following was agreed in RAN1#116 [8].
	Agreement:
Support both OOK-1 and OOK-4 for LP-WUS. 
· FFS how OOK-1 and OOK-4 are specified 
· For OOK-4, M<=4, FFS supported values
· The SCS of a CP-OFDM symbol used for LP-WUS generation can be the same as one of the SCS(s) used for other NR transmissions in the same CP-OFDM symbol
· FFS different SCS.


[bookmark: _Ref158234183]OOK-1 as a special case of OOK-4
It is was agreed that both OOK-1 and OOK-4 are supported for LP-WUS. It should be noticed that OOK-1 is actually a special case of OOK-4 with M=1 where M is defined in TR 38.869. In our understanding, they are essentially equivalent, thus can be specified using a unified approach, either in time or frequency domain.  
Proposal 1: OOK-1 is specified as a special case of OOK-4 with M=1.
[bookmark: _Ref158046216]Framework to carry information by LP-WUS
In TR 38.869, the diagrams for LP-WUS waveform generation are provided [2]. Particularly, the procedures for OOK-4 generation and transmission is shown in Figure 1. In this paper, the following terminologies are used for the signal of different procedures shown in Figure 1.
1. Bit stream: all the bits to be transmitted via an LP-WUS. If channel coding is used, the bit stream includes the encoded bits. If CRC is used, the bit stream also includes the CRC bits.
2. Bits per OFDM symbol: the bits to be carried by OOK symbols in an OFDM symbol, which is a segment of the bit stream. 
3. OOK symbols/OOK sequence: the ON/OFF pattern determined based on the bit stream. Manchester coding impacts the ON/OFF pattern of the OOK symbols/OOK sequence.
4. Pre-DFT sequence: a complex-valued sequence, which is generated based on the OOK symbols/OOK sequence. For example, if DFT is applied, an OFF symbol can be mapped to an all-zero sequence, an ON symbol can be mapped to a particular short complex-valued sequence, and the sequences are concatenated to get the pre-DFT sequence. It is noted that, the short complex-valued sequence can be selected from a set of candidates to carry information as shown by the red arrow in Figure 1. More details can be found in Section 2.3. 
5. Frequency sequence: the complex-valued modulated symbols to be mapped to REs of LP-WUS.
6. OFDM symbol: the time domain signal of LP-WUS. One LP-WUS can contain serval OFDM symbols.
[image: ]
[bookmark: _Ref157241235]Figure 1 Procedures for OOK-4 waveform generation
With respect to the number of information bits (bit stream) to be carried in one LP-WUS, as discussed in our companion paper [3], it can depend on network deployment (e.g. how many cells in a tracking area), UE density, traffic arrival, and etc. Thus, it is preferred that spec can support configurable length of information bits in LP-WUS. By the framework shown in Figure 1, if one LP-WUS can be comprised by multiple OFDM symbols, no matter how long the bit stream is, it can always be processed and transmitted OFDM symbol by OFDM symbol. Therefore, the framework can be easily adapted to different bit length.
At receiver side, the job LP-WUR does in each OFDM symbol is the same, i.e. demodulating OOK signal or processing the same set of sequence(s) which are used to generate the Pre-DFT sequence. Also, LP-WUR does not need to buffer the whole resource of a LP-WUS. Instead, LP-WUR can perform a pipeline processing, i.e. process the signal in previous LP-WUS occasion while receive buffer signal in current LP-WUS occasion. Since the subgroup ID indicated by LP-WUS is pre-known by the UE, thus if the UE finds the received bits in first several LP-WUS occasions do not match its own subgroup ID, UE can stop receiving the subsequent LP-WUS occasions to save power. Additionally, one interesting discussion point is whether the series of pre-DFT sequences to wake up a UE only depends on UE-specific predetermined information. For example, if the series of pre-DFT sequences to wake up a UE depends on nothing but the UE ID information, then the number of pre-DFT sequences per OFDM symbol for the UE correlation processing is reduced to only one pre-DFT sequence per OFDM symbol, which may be beneficial for UE complexity.  
Proposal 2: For LP-WUS, UEs are configured to monitor one or multiple LP-WUS occasions and each occasion can convey a block of information bits.
· The bit length of the block of information is configurable or determined only from RRC configurations.
· One LP-WUS occasion comprises of one or multiple OFDM symbols.
· Note: The OFDM symbol refers to the symbols after the processing “iFFT+CP” in S7.2.1.1 of TR 38.869
· FFS details of the pre-DFT sequences that refers to the input to the DFT/LS processing block in S7.2.1.1 of TR 38.869
· The size of pre-DFT sequence set
· Sequence generation/selection
· FFS the mapping from a block of information bits to pre-DFT sequences and OFDM symbols
· FFS: whether the series of pre-DFT sequences to wake up a UE only depends on UE-specific predetermined information
[bookmark: _Ref161309650]Details for overlaid sequences on top of OOK symbol
According to the objective of the LP-WUS WID [1], the overlaid sequence(s) on top of OOK modulation shall be specified for LP-WUS signal.
	· To specify an LP-WUS design commonly applicable to both IDLE/INACTIVE and CONNECTED modes (RAN1, RAN4)
· Specify OOK (OOK-1 and/or OOK-4) based LP-WUS with overlaid OFDM sequence(s) over OOK symbol
· The LP-WUS design shall ensure that for IDLE/INACTIVE operation, the same information is delivered irrespective of LP-WUR type. The OFDM sequence can carry information.
· At least duty-cycled monitoring of LP-WUS is supported


The benefit to use overlaid sequence(s) is to enable OFDM based receiver (overlaid sequence detection), which can improve the coverage of LP-WUS. Furthermore, another benefit of overlaid sequence(s) over OOK waveform is more robust with respect to the interference. Simulation results have been shown in study item phase, which can also be found in the Appendix C. The transmission of LP-WUS signal using OOK with overlaid sequence(s) is illustrated in Figure 2.
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[bookmark: _Ref155970483]Figure 2 illustration of transmission of signal using OOK with overlaid sequence(s)
How to carry information by OFDM overlaid sequence(s)
As the LP-WUS WID described “Specify OOK (OOK-1 and/or OOK-4) based LP-WUS with overlaid OFDM sequence(s)”, the number of candidate overlaid sequences that can be transmitted over each ON symbol can be one or more. In our understanding, there can be the following potential cases.
Case #1: single candidate overlaid OFDM sequence on each ON symbol
[image: C:\Users\z00556858\AppData\Roaming\eSpace_Desktop\UserData\z00556858\imagefiles\originalImgfiles\FE7EC5AE-25C8-4F27-B30C-744B144C2584.png]
[bookmark: _Ref162627592][bookmark: Figure3]Figure 3 illustration of LP-WUS design with one overlaid sequence
Figure 3 illustrates the LP-WUS transmission in Case 1 when OOK-4 with M=4 as an example. One LP-WUS carries N information bits, occupying N/2 OFDM symbols. For example, the whole information of one LP-WUS includes 24bits, in total N/2 = 12 OFDM symbols are occupied without repetition. In this case, on each OOK ON symbol, only one specific candidate overlaid OFDM sequence can be transmitted. The specific candidate overlaid OFDM sequence can be fixed to the same overlaid sequence on every OOK ON symbol or changes on each OOK symbol according to pre-determined rules. Both envelope-detection based receiver and OFDM based receiver can detect the LP-WUS in Case #1, all the N information bits information of LP-WUS are carried by/modulates OOK ON/OFF pattern and no information bits are carried by overlaid sequence in this case. Envelope-detection based receiver may have lower power consumption compared with OFDM based receiver, but at the cost of worse coverage performance. As shown in Section 4.2, coverage enhancement techniques (e.g. repetition) can be used to improve the coverage performance for envelope-detection based receiver, but usually at the price of higher resource overhead. 
Case #2: Multiple candidate overlaid OFDM sequences on each ON symbol
According to the description in WID objective that “the OFDM sequence can carry information”, selecting one overlaid OFDM sequence from a set of OFDM sequences to carry LP-WUS information shall be specified. In this case, there may be two options for carrying LP-WUS information by OFDM overlaid sequences.
[image: C:\Users\t00496347\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\C3AA7919.tmp]
(i)  An example of Option #1 for Case #2
[bookmark: _Ref162432138][bookmark: _Ref162432134][image: C:\Users\t00496347\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\2BA0538F.tmp]
(ii)  An example of Option #2 for Case #2
[bookmark: Figure4][bookmark: _Ref162432142] Figure 4 illustrations of LP-WUS design with multiple overlaid sequences
· Option #1: One LP-WUS carries N bits information. As illustrated in Figure 4(i), in option#1, M=4 is used for OOK-4 modulation and one overlaid sequence is selected from 4 candidate overlaid sequences on each OOK ON symbol. In each OFDM symbol, 2 bits can be carried by OOK ON/OFF pattern and 4 bits can be carried by overlaid sequences on two OOK ON symbols. To transmit all the N bits LP-WUS information, N/6 OFDM symbols are enough for OFDM based receiver. In the first N/6 OFDM symbols, all the N information bits can be divided into two parts, i.e., bit block1 and bit block2, where the bit block1 (N/6*2=N/3 bits) is carried by/modulates the ON/OFF pattern of the N/6 OFDM symbols, and bit block2 (N/6*4=2N/3 bits) is carried by/modulates the overlaid sequences on OOK symbols in the N/6 OFDM symbols. Furthermore, to deliver all the information bits by ON/OFF pattern, another two units of N/6 OFDM symbols, in total N/3 OFDM symbols, are needed. The bit block 1 for the first N/6 OFDM symbols, the second N/6 OFDM symbols and the third N/6 OFDM symbols can be the first (the block A in the figure), the second (the block B in the figure) and the last N/3 bits (the block C in the figure) of the whole N bits information, respectively. And the overlaid sequences of OOK symbols in each N/6 OFDM symbols carries the remaining bits except the bit information carried by the ON/OFF pattern in the same N/6 OFDM symbols. Therefore, the total OFDM symbol number is N/2 OFDM symbols. For example, one LP-WUS includes 24 information bits, in total N/2 = 12 OFDM symbols are occupied (if repetition is not used).
· Option #2: One LP-WUS consists of N bits, occupying N/6 OFDM symbols for OOK-4 with M=4 with Manchester coding, as illustrated in  Figure 4(ii), where the number of candidate overlaid sequences is 4 as an example. In Figure 4(ii), bit block1 are the bits modulated by OOK symbols, which includes K bits of the N information bits (K<N). Bit block2 are the bits modulated by overlaid sequence, which includes the other N-K bits of the N information bits. Option #2 can be used when the OFDM based LP-WUR is assumed. For OFDM based receiver, both bit block1 and bit block2 can be detected, where bit block 2 is modulated by overlaid sequences on each ON symbol (e.g., 2 bits on each ON symbol), in total 6 bits can be carried on each OFDM symbol. For example, one LP-WUS includes 24 information bits, in total N/6 = 4 OFDM symbols are occupied.  
For OFDM based receiver, both Option #1 and Option #2 can work, but higher spectral efficiency can be achieved by Option #2 in Case#2, and thus the lower resource overhead is used. Therefore, Option #2 is supported. More detailed comparison between Option#1 and Option#2 can be found in the following table based on the same assumption. If coverage enhancement techniques (like repetition) is used, the difference on resource overhead between the two options may be even bigger. 
Table 1 Comparison between Option#1 and Option#2 for multiple overlaid sequences
	Assumption:
1. The whole information of one LP-WUS is 24bits
2. 4 candidate sequences over each OOK ON symbol
3. OOK-4 with M=4
4. With Manchester coding

	
	Option #1
	Option#2

	Resource overhead of one LP-WUS(N bits)/symbol
	N/2
	N/6

	Spectral efficiency/b/s/Hz
	0.0129
	0.0387


Proposal 3:  For the Case #2 where there are multiple candidate overlaid OFDM sequences on each OOK symbol, bit block 1 and bit block 2 are generated from all the N bits information carried by one LP-WUS, 
· The LP-WUS consists of M OFDM symbols, where M can be smaller than the number of OFDM symbols required by all the N bits information being only carried by/modulating ON/OFF patterns 
· Bit block 1 is carried by/modulates the ON/OFF pattern of the M OFDM symbols.
· Bit block 2 is carried by/modulates the overlaid sequences in the M OFDM symbols.
· According to bit block 2, one overlaid OFDM sequence selected from a set of candidate OFDM sequences is on each OOK ON symbol.
· Bit block2 is not carried by/modulates the ON/OFF pattern.
To promote the LP-WUS feature to be applied in the commercial network with higher probability and mitigate the potential negative impact on operators, the design of LP-WUS should be able to balance the power saving benefits for LP-WUR UEs and resource overhead on network. If the network resource is a concern for operators, the network can configure multiple candidate overlaid sequences (e.g., Option #2 of Case #2), and one sequence can be selected from the multiple candidate sequences according to the LP-WUS information.
Therefore, with considerations on resource assignment for LP-WUS transmission, gNB can configure one specific overlaid sequence over ON symbol or multiple candidate overlaid OFDM sequences over ON symbol.
Proposal 4: For LP-WUS information transmission, the following two cases can be configured by gNB:
· one specific overlaid sequence is transmitted on each OOK symbol, and the LP-WUS information is carried by OOK modulation;
· one sequence is selected from multiple candidate overlaid OFDM sequences on each ON symbol, and bit block 1 and bit block 2 are generated from all the N bits information carried by one LP-WUS.
How to design overlaid sequence(s)
According to the discussion in study item phase, for OOK-4, DFT is used before the CP-OFDM modulation to transmit OOK-4 signal. OOK-1 can be considered as one special configuration of OOK-4, i.e. M=1 where M is the number of chips/segments within each OFDM symbol for OOK-4. Therefore, a sequence corresponding to each segment/chips before DFT processing is the overlaid sequences. 
Observation 1: Overlaid sequence(s) are the sequence of each OOK ON symbol before the DFT processing.
In SI phase, companies mainly used ZC sequences for the evaluation for overlaid sequence(s) on top of OOK symbol. In our understanding, this is because ZC sequences can have relatively ‘flat’ shape in both time domain and frequency domain. In WI phase, further discussion should be made to adopt sequence(s) with good auto-correlation property and cross-correlation property as overlaid sequences. 
Furthermore, another aspect to be considered is how to minimize the interference impact when selecting sequences. Different from in Wi-Fi system where the interference is small due to the listen before talk mechanism, in cellular system the interference can be more complicated and serious. Therefore, the overlaid sequence(s) from different cell may be different to avoid interference from the LP-WUS transmitted from neighbor cells. 
Proposal 5: Further discuss and adopt sequence(s) considering the following aspects:
a) Sequence with good auto-correlation property and cross-correlation property
b) How to control the interference from LP-WUS transmitted from neighboring cells
Considering the inputs from companies during the study phase, ZC sequences can be a good starting point in WI phase.
Proposal 6: ZC sequences are considered as a starting point for the design of overlaid sequence(s).

Pulse shape of OOK with overlaid sequence(s)
The LP-WUS signal modulated by OOK with overlaid sequence(s) shall also support the envelope-detection based receiver. The pulse shape or spectrum shape shall have impact on the envelope detection performance. This is captured in the conclusion part of TR 38.869 as following:
	Sequence(s) used in LP-WUS symbol generation with different pulse shape or spectral shape may have different performances. Knowledge of sequence(s) used in LP-WUS waveform generation may improve performance for at least a receiver with I/Q branches.



Based on the above conclusion, the overlaid sequence(s) over OOK symbol can have different pulse shape or spectrum shape. Therefore, the pulse shape or spectrum shape should be also considered as another aspect for the overlaid sequence design.
Proposal 7: Pulse shape and/or spectrum shape are also considered in the design/selection of overlaid sequence(s).
As one example, a concentrated waveform was proposed and supported by companies in study phase, which was shown by simulation that this concentrated waveform can improve the robustness with respect to timing error, for envelope-detection based receiver. It is proposed to consider a concentrated waveform by designing the overlaid sequences, e.g. to have a number of zero values at the beginning and end of the overlaid sequence(s).
[image: 516E22F9]
[bookmark: _Ref131502776][bookmark: _Ref131284322]Figure 5 Illustration of concentrated OOK waveform providing robustness against ISI and timing error among OOK symbols
Proposal 8: Support overlaid sequence(s) with a number of zero value samples at the beginning and the end of the sequence to have a concentrated waveform for time domain pulse shaping of LP-WUS.
In Section 5.3.1 of [5], the CP-OFDM baseband signal generation includes a cyclic shifting of the signal spectrum (so-called fftshift) such that it is centered around its DC component. In Section 6.3.1.4 of [5], the DFT-s-OFDM generation is however without such cyclic shifting of the signal spectrum after DFT-precoding, and thus the DC component outputted by the DFT precoder is mapped to the spectrum edge. In legacy NR uplink DFT-s-OFDM with corresponding legacy receiver, cyclic shifting the spectrum would be meaningless while just reverted at the receiver without impacting data symbol detection performance. Moreover, a given uplink signal is not necessarily in the middle of the gNB baseband spectrum, and thus its DC component does not necessarily map to the DC of the overall received uplink baseband signal.  
When considering OOK waveform generation for LP-WUS, the situation is different and cyclic shifting the spectrum is not a meaningless operation anymore; so to make sure that the LP-WUS has the necessary spectrum adjustment while being multiplexed along with other legacy NR signal/channel by the gNB using a single IFFT, an equivalent cyclic shifting of the signal spectrum needs also to be done after DFT precoding. 
This cyclic shifting is necessary in order to map the DC Fourier coefficient of the input signal to the DC component of the output signal, and so for the output signal to be a proper interpolation of the input signal; otherwise it is not. In other words, spectrum shifting changes the signal’s envelope and phase and thus OOK detection performance.  This is discussed in more details in Appendix A. 
In addition, with Manchester coding, the DC of the input signal is constant. Therefore, with proper spectrum adjustment mapping the input DC to the output DC, the LP- WUS can be guaranteed to have a constant DC which will ease signal processing for the LP-WUR. Otherwise, the DC of LP-WUS may be data dependent and fluctuates from one OFDM symbol to another OFDM symbol which require more dynamic signal adaptation. 
Finally, this necessary spectrum shifting adjustment can be directly embedded into overlaid sequence(s) as the OOK input by using an alternating “1” and “-1” as a cover code of other sequence (e.g. “1” and “-1” multiplied with ZC sequence) without changing legacy DFT-s-OFDM to get the benefit of both. Apply an alternating “1” and “-1” as a cover code on overlaid sequence(s) for the expected pulse shape of LP-WUS signal to guarantee the detection performance of envelope and phase detection.
Consideration of bandwidth and guard RB
During SI phase, a new term named as ‘guard RB’ is defined in RAN4 for ACS/ASCS protection of LP-WUS, where adjacent channel selectivity (ACS) is the ratio of the receive filter attenuation on the assigned channel frequency to the receive filter attenuation on the adjacent channel(s), and adjacent Subcarrier Selectivity (ASCS) is the ratio of the receive filter attenuation on the assigned channel frequency to the receive filter attenuation on the adjacent sub-carrier(s). Based on the TR [2], RAN4 observed that for 5th order filter, the guard RB number for LP-WUS ACS is in the range of 1RB ~ 6RBs for 30kHz SCS, or 2RBs ~12RBs for 15kHz SCS, and the guard RB number for LP-WUS ASCS is in the range of 0RB ~ 1RBs for 30KHz SCS, or 0RBs ~2RBs for 15KHz SCS. 
Per our understanding, the ACS/ASCS requirements may impact UE implementation in the following two aspects:
1. The filter design. Generally speaking, the less the guard RB number is, the higher requirement of filter design is. Such large ranges of ACS/ASCS identified during SI phase are too wide to instruct LP-WUR implementation. Further narrow-down to a particular value for each case is needed in WI phase, which can be discussed by RAN4.
2. The LP-WUS/LP-SS design. The reception bandwidth of LP-WUR depends on the hardware capability. A too wide reception bandwidth may reduce power saving gain, require high implementation complexity, and lead to high resource overhead. Therefore, in our view, the maximum reception bandwidth of LP-WUR should be restricted in spec, which can be a guidance for LP-WUR implementation. If the maximum reception bandwidth is defined, the bandwidth of LP-WUS/LP-SS will be further impacted by the size of guard RB. In other words, the LP-WUS/LP-SS signal design in RAN1 can be impacted by the outcome of ACS/ASCS requirement in RAN4. Thus, it is important to let RAN4 have further conclusion on ACS/ASCS, which can be taken as reference for RAN1 to design LP-WUS/LP-SS
Proposal 9: The value of ACS/ASCS should be further converged in WI phase in RAN4, which may have impact on LP-WUS/LP-SS design in RAN1.
Coverage
Reporting of the SNR value corresponding to Msg3 PUSCH
According to an agreement RAN1#116 [8], companies are encouraged to report the SNR to achieve the coverage of PUSCH for message3. Based on our calculation, the required SNR for both non-Redcap and RedCap receivers are provided as below.
	
	Bandwidth for LP-WUS signal (MHz)
	NF for LP-WUR (dB)
	Gain of antenna element (dBi) assumed for LP-WUR: 
e.g., -3 dBi for redcap UE and e.g., 0dBi for non-redcap UE
	# of Tx chains for LP-WUS/LP-SS transmission, e.g., 2
Note: The number of Tx chains for LP-WUS/LP-SS transmission is assumed the same as the number of RX chains for MSG3 reception

	MIL value of MSG3: taking redcap UE /non-redcap UE @dense urban 2.6GHz

	The SNR (dB) to achieve the coverage of PUSCH for message3

	Huawei, HiSilicon
	4.32
	15
	0
	1
	149.61
	-3.23

	Huawei, HiSilicon
	4.32
	15
	-3
	1
	146.61
	-3.23

	Huawei, HiSilicon
	2.16
	15
	0
	1
	149.61
	-3.23



Based on our understanding, the coverage of Msg3 is a reference target for coverage design. In real deployment, the cell range varies. Thus, the SNR value(s) for LP-WUS design should be a range including the value corresponding to Msg3 PUSCH, so that gNB can have the flexibility for configuration.
Proposal 10: The SNR value(s) for LP-WUS design should be a range including the value corresponding to Msg3 PUSCH, so that gNB can have the flexibility for configuration.

[bookmark: _Ref162343226]Coverage recovery
Regarding the coverage of LPWUS, the following is captured in the WID “Note: The target coverage of LP-WUS and LP-SS shall be the coverage of PUSCH for message3” [1]. From evaluations in study phase, it can be observed that such target is challenging for LPWUS due to limitations such as high noise figure and single antenna reception. In this section, we provide analysis and evaluations on several potential coverage recovery schemes.
Power boosting. 
The transmitted power of LP-WUS can be power boosted to compensate the coverage gap between LP-WUS and target NR channel. But depending on gNB implementation, it is not always possible for LP-WUS to get power boosting gain.
Spatial diversity and time domain repetition
One possible way to achieve transmit diversity is precoder cycling, which can be used together with time domain repetition. For example, for each repeated transmission, a different precoder is used at gNB for LPWUS transmission to get spatial diversity gain in addition to combination gain. A benefit of precoder cycling is that it can be transparent to LPWUS receiver, and thus no spec impact. Based on the simulation results shown in Figure 6, 2dB or more performance gain can be observed where two antenna ports with precoder cycling is adopted. 
[image: ]
[bookmark: _Ref157949396]Figure 6 Simulation results of spatial diversity and time domain repetition
Observation 2: For 4x time domain repetition, transmit diversity by precoder cycling with two antenna ports can provide 2dB or more performance gain.
Proposal 11: Time domain repetition and transmit diversity by precoder cycling are considered to improve the performance of LP-WUS.
Frequency domain diversity and time domain diversity
In addition to simple time domain repetition, further performance gain can be provided by exploiting frequency/time domain diversity.
· Frequency domain diversity can be harvested by frequency hopping, i.e. LP-WUS is transmitted on different resources at different time. At each time, even the BW of LP-WUS is small, when accounting all the transmission time of a LP-WUS, the spanned BW of LP-WUS can be larger, thus providing higher frequency diversity gain. Frequency hopping may be used in conjunction with repetition, e.g. same data is transmitted over different frequencies, as illustrated in Figure 7(c). At the receiver side, UE can receive LP-WUS by retuning its LO and combine multiple repetitions. 
· Time domain diversity can be obtained by multiplexing multiple LP-WUSs in an interleaved way, as shown in Figure 7(d). Consider LPWUS transmission may has a delay budget on the order of hundreds of ms, time domain diversity can be exploited. For example, assume that a LP-WUS targeted to a particular UE/UE group occupies N occasions, where one occasion is a time domain resource element for LP-WUS transmission. Instead of transmitting N occasions contiguously, they can be transmitted in a distributed way so that transmission are over different time / channel conditions. . 
[image: ]
[bookmark: _Ref156816723]Figure 7 illustration of coverage recovery schemes which exploit time / frequency diversities
[image: ] [image: ] 
[bookmark: _Ref158229336]Figure 8 Simulation results of frequency hopping and time domain interleaving schemes
The simulation results of frequency hopping and time domain interleaving schemes can be found in Figure 7, where the simulation assumptions are provided in Appendix B. It can be observed that:
Observation 3: Compared to repeated LPWUS transmission over contiguous occasions, 1.5-2 dB gain can be obtained when the transmissions are over non-contiguous occasions. This is because more time diversity can be harvested.
Observation 4: Compared to repeated LPWUS transmission over contiguous occasions, 2.3 dB performance gain can be obtained with frequency hopping, when the signal bandwidth is 4.32MHz. While 5.2 dB performance gain can be obtained with frequency hopping, when the signal bandwidth is 1.44MHz.
In general, LPWUS with narrower bandwidth benefit more from diversity schemes. This is understandable as narrower bandwidth brings less frequency diversity. 
Proposal 12: Coverage recovery schemes that exploits time / frequency diversities are considered.
Time domain spreading code
[image: ]
Figure 9. Block diagram of a transmitter using binary spreading sequences, , to multiplex bits, , from M UEs before the OOK modulator. Each UE receiver performs energy detection to give the binary vector , which is used as input to demultiplex the bits.
With OOK modulation and energy detection, the receiver cannot detect any phase value of the signal. Hence, classical CDM with BPSK spreading sequences cannot be used to multiplex WUSs on the same time-frequency resource. However, with OOK it is possible to use binary spreading sequences, for which the WUS multiplexing is performed in the binary domain, before the OOK modulator. The binary spreading sequences could be constructed to offer redundancy of the transmitted bits, which improves the performance. We demonstrated in [5] that binary spreading sequences could be used to achieve lower BLER than for TDM. 
Figure 4 shows a block scheme of transmitter and receiver. The binary spreading sequences ,  are  vectors with  and the binary vector , where the columns of the  matrix  consists of the spreading sequences. UE receiver i produces bits  and from  it can determine . The multiplexing in the transmitter can be made by modulo-2 addition as in Figure 4. If the message size of a UE is  bits, spreading can be performed  times (i.e., transmitting  vectors  of length ) or by  inputting  bits which are spread by codes of length   giving one vector  of length .
The demultiplexing is made in the binary domain and has a complexity comparable to hard decoding of block codes. The spreading sequences can, e.g., be constructed from a Hamming code, for which there are decoding algorithms with very small complexity [6][7], or from the Reed-Muller code which is already specified in NR. If additionally FEC is applied, the bits  are taken from the FEC encoder output and the demultiplexed bits  are fed to the FEC decoder.
The gain is around 1.5 dB at 1% BLER when using spreading sequences from a Hamming (7,4) code compared to a TDM solution without coding, according to Figure 10. Compared to a TDM solution with repetition code, the gain is around 1 dB. The ID size is   bits or  bits and 2 UEs are multiplexed, giving  (if ) or  (if ) transmitted bits. For the uncoded TDM scheme,  bits are transmitted. A pseudo-random interleaver is applied after the encoder, to the  transmitted coded bits.  Either 1 bit ( with Manchester coding) or 2 bits ( with Manchester coding) is/are transmitted per OFDM symbol. The bit repetition pattern is set to maximize the performance of the repetition code given  coded bits. The simulation assumptions are given in Table 5 in Appendix B. 
[image: ]
[bookmark: _Ref161739838]Figure 10. BLER for multiplexing 2 WUSs either by spreading sequences from a Hamming code, by a repetition code or by uncoded transmission, for a packet size of 8 bits and 16 bits, using either M=2 or M=4 bits per OFDM symbol with Manchester coding.

Proposal 13: Binary spreading sequences are considered to multiplex WUSs on the same time-frequency resource and to improve the BLER. 

Synchronization and/or RRM for serving cell
Based on the WID scope, the following will be specified for LP-SS [1].
	· Specify LP-SS with periodicity with Yms for LP-WUR, for synchronization and/or RRM for serving cell. (RAN1, RAN4)
· LP-SS is based on OOK-1 and/or OOK-4 waveform with or without overlaid OFDM sequences. Further down selection between with and without overlaid OFDM sequences is to be done within WI.
· Note: For LP-WUR that can receive existing PSS/SSS, existing PSS/SSS can be used for synchronization and RRM instead of LP-SS.
· Y will be decided within WI. 320ms is the start point.


As determined by objective of LP-WUS signal, the LP-WUS modulation is OOK with overlaid sequence(s). Therefore, both OFDM based receiver and envelope detection based receiver are considered in Rel-19 WID.
For OFDM based receiver, the time and frequency synchronization need to be performed before the monitoring of each potential LP-WUS occasion. As mentioned by the note as above, existing PSS/SSS with typically 20ms periodicity can be always used for time/frequency synchronization. Additionally, depending on whether overlaid sequence is used for LP-SS, the LP-SS signal can be optionally used for synchronization. 
Similarly, existing PSS and SSS can always be used for RRM serving cell measurement by OFDM based LP-WUS receiver. 
For envelope detection based receiver, only LP-SS can be used for synchronization and serving cell measurement.  

[bookmark: _Ref155087494]Waveform of LP-SS
Consideration of the common aspects for LP-SS and LP-WUS
Regarding waveform of LP-SS, the following was agreed in RAN1#116.
	Agreement
For the overlaid OFDM sequence(s) for LP-SS, consider the following options for further down-selection:
· Option 1: Do not specify the overlaid OFDM sequences(s) 
· Option 2: Specify the overlaid OFDM sequence(s) targeting for OOK waveform generation without targeting for sync and RRM measurement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.
· Option 3: Specify the overlaid OFDM sequence(s) targeting for OOK waveform generation and also targeting for sync and RRM measurement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.
· For Option 3, it is up to RAN4 to make decision on whether/how to define the RRM measurement requirement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.



In our view, as the starting point, the waveform of LP-SS can have similar design as LP-WUS. From performance perspective, the enhancements of LP-WUS can also improve the performance of LP-SS, since the UE uses the same LP-WUR to receive both LP-SS and LP-WUS. On the other hand, if the enhancements are already discussed for LP-WUS design, utilizing the same enhancements to LP-SS requires little effort.
The following aspects, which are discussed in Section 2, can be considered to be used to LP-SS:
1) Pulse shaping. The pulse shaping methods can at least include the concentrated waveform to improve the performance of LP-WUS, and the spectrum adjustment for compatibility with CP-OFDM generation.
2) Overlaid sequence(s). Having overlaid sequence on LP-SS means the sequence(s) for OOK symbol generation is specified. Among the 3 options in the above agreement, we support option 3 due to the following reasons:
a) First, per our understanding, OOK symbols of LP-SS will anyway be generated based on some sequence to ensure good performance, e.g, having flat spectrum for robustness to frequency selectivity. Thus, specifying the sequence(s) does not make gNB implementation more complicated. 
b) Second, the sequence(s) is overlaid on top of OOK symbols, which does not require any addition resource overhead. 
c) Third, during SI discussion, it is assumed that LP-SS can be at the same center frequency as LP-WUS. If LP-SS is with overlaid sequence(s), this gives a possibility for LP-WUR with I/Q branches to be able to utilize LP-SS for time/frequency synchronization and/or RRM measurement without RF retuning. In FR1, SSB is in initial DL BWP in which SIBs and paging PDCCH/PDSCH need to be scheduled, therefore it is more possible to deploy LP-WUS outside the bandwidth of initial DL BWP. Therefore, using SSS to obtain the serving cell measurement, e.g. LP-RSRQ2 or SS-RSRQ, by LP-WUR may not fully correspond the quality of LP-WUS reception quality. In this sense, if the LP-WUS occasion of a UE is close to LP-SS in time domain, it is preferred to use LP-SS for RRM measurement. Therefore, the overlaid OFDM sequence(s) should be designed not only targeting for OOK waveform generation but also targeting for sync and RRM measurement for OFDM-based LP-WUR. When the LP-WUS occasion of a UE is far from the LP-SS in time domain, PSS/SSS may be more suitable to guarantee better synchronization performance of LP-WUS detection in the LP-WUS occasion. 
In summary, if overlaid sequence is introduced for LP-SS, LP-WUR with I/Q branches can obtain additional benefit for sync and RRM measurement, without any negative impact on envelope detection based LP-WUR.
Proposal 14: As the starting point, the waveform of LP-SS can have similar design as LP-WUS, including at least the following aspects：
a) pulse shaping methods, including the concentrated waveform and the spectrum adjustment 
b) overlaid OFDM sequence(s) targeting for OOK waveform generation and also targeting for sync and RRM measurement for OFDM-based LP-WUR using the overlaid sequence of LP-SS
Consideration of the LP-SS specific aspects
Beside the above common design aspects between LP-WUS and LP-SS, there may be other LP-SS specific consideration. 
Regarding the number of OOK symbols per OFDM symbol, i.e. M, of LP-SS, the following was agreed in RAN1#116 [8]:
	Agreement
Further study the following options for LP-SS:
· Option 1: OOK-1 
· Option 2: OOK-4 with M=1,2,4,[8]
· The SCS of a CP-OFDM symbol used for LP-SS generation is the same as that used for LP-WUS generation
· FFS: different SCS



Option 1 is equivalent to OOK-4 with M=1. For Option 2, the agreement considers supporting the same value of M=1, 2, 4 for LP-SS and LP-WUS, and in addition a larger value M=8 for LP-SS only. 
While for LP-WUS, a smaller M can improve the error rate performance as studied in SI phase (especially the robustness to timing error), on the contrary for LP-SS a larger M can improve timing estimation. There are two reasons for supporting a larger M in LP-SS: 1) A large M enables to transmit a longer binary sequence which could provide a better auto-correlation profile with smaller sidelobes; 2) A larger M corresponds to shorter OOK symbol length which directly maps to the width of the main lobe of the autocorrelation profile, and thus providing finer timing estimations of correct detection. 
An example of LP-SS performance is given below using an m-sequence transmitted in 8 OFDM symbols. Simulations parameters are summarized in of Appendix B. The m-sequences are cyclically extended, and the choice of 8 symbols enables to minimize the impact of cyclic extension for comparison here. For each case, the binary m-sequence is modulated using OOK-4 with ZC as bit spreading. To further improve the timing precision, the energy of the ON symbols are concentrated within half of the ON duration. At the receiver, we consider correlation of the received envelope with the unipolar m-sequence up-sampled at the equivalent rate and with corresponding CP addition. Such correlation has the merit of being of low-complexity without requiring any multiplications. Figure 11 shows the corresponding aperiodic autocorrelation of reference sequence at the receiver used for detection. The out-of-phase correlations are rather large and not optimized as correlation is performed in the binary domain, still it provides a clear dominant pick enabling precise detection. The timing range of interest is inside this main lobe which is shown on Figure 11b) where it can be seen that its width narrows down as M increases. Remark that the shape of the main lobe is independent of the binary sequence design and mainly depends of the OOK symbol length. The CDF of timing estimation error at -2 dB SNR is given on Figure 12 a). It can be observed that the residual timing error after LP-SS detection depends on the length of OOK symbols: the larger M is, the smaller the residual timing error can be. We stress that this timing error obtained from LP-SS will drift to larger timing error impacting LP-WUS detection. For example, and according to SI evaluation, in order to support LP-WUS with M=4, only a timing error of about up to 1μs may be tolerable, while  LP-WUS with M=2 a timing error about up to 2μs may be tolerable.  The miss-detection performance with a timing tolerance of  up to 1μs is shown in Figure 12 b)where it can be seen that LP-SS with M=8 is useful to improve the miss-detection when a more precise timing is necessary as it is the case for LP-WUS with M=4 . Therefore, the requirements on selecting M are different for LP-WUS and LP-SS.
[bookmark: _Ref161780109]

	[image: ]
a) Complete autocorrelation
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b) Zoom on the main lobe


[bookmark: _Ref161952677]Figure 11. Auto-correlation of LP-SS OOK sequence as function of M
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a) CDF of timing error from LP-SS at -2 dB SNR
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b) Miss-detection with up to 1μs timing error tolerance 


[bookmark: _Ref161781001]Figure 12. Evaluation CDF of timing error from LP-SS

Observation 5: The residual timing error after LP-SS detection depends on the length of OOK symbols, the larger M is, the smaller the residual timing error can be. 
Another aspect is that since LP-SS is used for time/frequency synchronization, LP-SS should be more robust to larger frequency error than LP-WUS. Therefore, the guard band/subcarrier for LP-SS can be larger than LP-WUS.
Proposal 15: Consider LP-SS specific design requirement, including at least larger guard band, and number of OOK symbols per OFDM symbol up to M=8.
Differently from other synchronization signals in NR, if LP-SS needs to be transmitted along concurrent data, it will need to be designed by modulating several CP-OFDM symbols, and accordingly the following issues should be discussed.
1. As discussed in Section 5.2, LP-SS can be generated based on some binary-valued sequence, which has good auto-correlation property. However, due to the insertion of CPs for LP-SS before each OFDM symbol, the auto-correlation property of the full LP-SS signal may have uncontrolled auto-correlation property compared original binary-valued sequence. 
1. If the length of the binary-valued sequence is not an integer multiple of the OOK symbol number per OFDM symbol for LP-SS, the last CP-OFDM symbol of LP-WUS may carry a smaller number of OOK symbols. Consequently, these OOK symbols will have higher power than the OOK symbols in the previous OFDM symbols, assuming a constant transmit power. 
Proposal 16: The design of LP-SS should consider the CP impact and the length of binary-valued sequence to generate LP-SS.

[bookmark: _Ref157956191]Design principle for the binary sequence of LP-SS
The following was agreed in RAN1#116 regarding binary sequence of LP-SS [8].
	Agreement
The ‘ON-OFF’ pattern for OOK symbols of LP-SS is based on binary sequence(s)
· FFS binary sequence(s) details, including the sequence type, the number of sequences, and the sequence length.
· FFS overlaid OFDM sequences, if supported.




Then we will provide our considerations on the principle of binary sequence design.
1) Good auto-correlation. For the purpose of timing synchronization with envelope detection, the LP-SS should have an envelope with good auto-correlation property so that the LR can get a peak location to find the timing by correlation operation. This can be obtained by using a binary OOK sequence at the input with good auto-correlation property.
2) Limited length of consecutive '0's. Besides, for both detection cases the LR may maintain AGC based on the input signal, so the length of consecutive OFF segments should not be too long to avoid losing AGC. 
3) Balanced '0's and '1's. The '0's and '1's inside the OOK sequence should better be balanced such that both the OOK sequence itself and the envelope of the modulated LP-SS signal are centred around their mean value, which can be used for in both cases for better detection.

Proposal 17: For the OOK sequence of LP-SS, consider at least the following design principles
a) Binary sequence with good auto-correlation property
b) Limited length of consecutive '0's
c) '0's and '1's inside the binary sequence are balanced
The feasibility of using LP-SS for frequency sync
LP-WUS receiver is expected to both time and frequency synchronized to the received signal, even the requirement can be relaxed compare to MR.
For envelope-based receiver, the time synchronization procedure is relatively straightforward, for example time domain correlation can be performed using local sequence with detected envelope signal of LP-SS. Still the achievable timing accuracy needs further evaluation. 
However, for frequency error using envelope-based receiver, specific receiver architecture may be required. It is difficult to deduce frequency information from single branch envelope receiver, as envelope signal is insensitive to frequency offset. On the other hand, envelope receiver with parallel branches in frequency domain enables straightforward frequency synchronization. Note such receiver structure can also demodulate single segment OOK signals. LP-WUR can compare the power difference for different frequency location and thus enables frequency error estimation. The basic idea is shown in Figure 13, where there are two branches in LP-WUR and the reference signal for frequency error estimation can be transmitted at the middle of the two frequency locations. If the center frequency is not aligned between LP-WUR and gNB, the energy received by each branch will be imbalanced. Then LP-WUR can estimate the frequency error based on the energy difference of the two branches. 
For other receiver architecture, the frequency error may not need to be corrected if the modulation type is insensitive to large frequency error (e.g. 50ppm or even 200ppm), if the timing error can be corrected periodically by using LP-SS. Furthermore, if frequency error is expected to be corrected to reduce the guard band and/or to reduce the timing drift, MR can be used to assist the initial time/frequency calibration of LP-WUR. 
[image: ]
[bookmark: _Ref130481360]Figure 13. An example of frequency error estimation by parallel OOK receiver

Observation 6: Receiver architecture with parallel branches or receiver architecture being able to acquire phase information is capable to do frequency error estimation and correction. 
Observation 7: MR can be used to calibrate the frequency of LP-WUR to control the initial frequency error. 
[bookmark: _Hlk131087277]Based on the method in Figure 13, the simulation results are shown in Figure 14, where the initial frequency error = 10ppm (30kHz @3GHz center frequency). At different SNR level, the residual CFO varies. If the working point of LP-WUS (e.g. 1% MDR) is within the range of 5dB~15dB and if the initial CFO is 10ppm, after the synchronization signal reception with 95 probability the residual frequency error can be within ±2.5 ppm. 
[image: C:\Users\x00416197\AppData\Roaming\eSpace_Desktop\UserData\x00416197\imagefiles\33FF861B-8EE6-483C-8546-5D18A77A2578.png]
[bookmark: _Ref131080824]Figure 14. Residual frequency error after synchronization for parallel OOK/FSK receiver
Periodicity of LP-SS
[bookmark: _Ref161259965]Required periodicity of LP-SS to support the functionality of synchronization
As discussed and observed in section 5.1, for OFDM based receiver, the existing PSS and SSS can be used for time and frequency synchronization. And optionally, if overlaid sequence is used for LP-SS, LP-SS can also be used for time/frequency synchronization.
For envelope detection based receiver, it is essential to use LP-SS for time synchronization. One issue to be discussed is what could be the required periodicity of LP-SS for performing time/frequency error estimation and correction. Obviously, large periodicity will deteriorate the performance of time and frequency tracking, while too small periodicity will lead to increased resource overhead.
The periodicity can be determined by the time error and frequency error requirement. For receiver of envelope detection, if we assume that after a synchronization signal the residual time error is 0 us and the residual frequency error is 5ppm, and the target time error for envelope detection is 2us and the target frequency error is 10ppm based on our LLS results in [4]. The required periodicity is analyzed in Table 2 following the agreed Model 1 [2] for time/frequency error. The result shows that to satisfy the time error requirement the periodicity of LP-SS can be up to ~400ms, and to satisfy the frequency error requirement the periodicity of LP-SS can be 50s. if a single LP-SS is designed for both time and frequency estimation/correction, the smaller value (i.e. ~400ms) should be used. Therefore, it is observed that the requirement of periodicity is dominated by the time error, since according to the model time error grows linear to frequency error even with fixed frequency error. And for the time error, residual frequency error contributes much more than the frequency drift since the drift value is small.
[bookmark: _Ref155343829]Table 2 Required periodicity of LP-SS for envelope detection
	Assumed residual time and frequency error
	Target time or frequency error
	Required periodicity of LP-SS

	Time error = 0us
Frequency error = 5ppm
	Time error = 2us
	398.4ms

	
	Frequency error = 10ppm
	50s



Observation 8: The requirement of periodicity is usually dominated by the time error, where the residual frequency error contributes most of the time error.
For the receiver of sequence detection, similar methods can be used to perform time and frequency synchronization, i.e. either based on MR calibration to assist LP-WUR or based on periodical synchronization signal. For example, if the receiver of sequence detection is capable to receive legacy SSS, legacy SSS can be utilized. In this case, to save the power, the receiver can receive only part bandwidth of SSS (e.g. 12RB, which is the same as the assumption for LP-WUS) via time domain correlator, and the periodicity to perform synchronization can also be as long as e.g. 320ms.
On the other hand, if the sequence(s) utilized to generate LP-SS is also known by UE, the receiver can also perform sequence correlation for synchronization. The target time and frequency error are similar as that for receiver with envelope detection [4], so the periodicity of 320ms is also enough for receiver with sequence detection.
Observation 9: To support the functionality of synchronization by periodic LP-SS only, the periodicity of LP-SS is less or equal to 320ms.
[bookmark: _Ref161259969]Required periodicity of LP-SS to support the functionality of RRM measurement
	Agreement
For LP-SS design from RAN1 perspective, consider at least the following as the design target:
· For RRM measurement performed by LP-WUR based on LP-SS, UE can satisfy measurement accuracy based on X LP-SS samples within a period which is comparable to Y=the length of I-DRX cycle that is larger or equal to 1.28s.
· FFS: X  
· Note: Y is chosen for evaluating LP-SS design. 
· Network overhead and network power consumption are to be considered



In RAN1#116, the above is agreed, which means that the periodicity of LP-SS should no larger than (1.28/X) second. In Figure 15, the simulation results of RSRP accuracy @-3dB SNR are provided for 1/2/4 samples (i.e. different X values), where the waveform is OOK-4 with M=8 and the binary sequence is Gold sequence with length-64. It is observed that compared with a single sample, two/four samples can provide 0.5/0.9 dB better accuracy. For the RSRP accuracy requirement is around 3dB, four samples are needed, which turns out to be 1280ms/4=320ms LP-SS periodicity.
[image: ]
[bookmark: _Ref161258509]Figure 15. RSRP accuracy based on LP-SS for envelope based receiver
Observation 10: To support the functionality of synchronization by periodic LP-SS only, the periodicity of LP-SS is less or equal to 320ms.
[bookmark: _Ref162513397]Required periodicity of LP-SS to support the functionality of falling back to MR
As discussed in our companion paper [3], it is essential for latency and paging reliability to support the mechanism that UE fallbacks to MR when LP-WUS coverage is not good enough. To ensure UE knows the coverage status in time, the LP-SS cannot be too sparse. As shown in Figure 16, in the best case, UE can know the coverage status based on LP-SS#1, and after the rampup time it is just its PO. But in the worst case, the gap between LP-SS#1 and PO is shorter than the rampup time, UE has to get the coverage status based on LP-SS#2, which is the former LP-SS of LP-SS#1. Therefore, ‘periodicity + rampup time’ should be no longer than an I-DRX cycle. Considering the rampup time can be 800ms and the I-DRX cycle length is 1.28s, the periodicity of LP-SS should be no longer than 480ms, which means that 640ms is not enough but 320ms can be a good choice.
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[bookmark: _Ref161259518]Figure 16. UE timeline for falling back to MR
Observation 11: To support the functionality of falling back to MR, the periodicity of LP-SS is less or equal to 320ms.

Based on the above analyses in Section 5.4.1, 5.4.2 and 5.4.3, we have the following proposal.
Proposal 18: A set of candidate values for LP-SS periodicity can be defined, which are not larger than 320ms.
Necessity of preamble in addition to LP-SS
In RAN1#116, preamble was proposed by some companies to assist LP-WUR to perform time/frequency synchronization in addition to periodic LP-SS. It was argued that by adopting preamble, the periodicity of LP-SS can be longer, and thus the resource overhead can be reduced. However, per our understanding, introducing preamble can even increase the resource consumption of LP-WUS. An analysis is provided in Table 3, where the length of one LP-SS is assumed to be 1ms, and the length of one preamble is assumed to be 1ms, 0.5ms and 0.25ms, respectively. Beam sweeping of 4 is assumed for all the cases. According to our analysis in our companion paper [3], based on the functional requirement, when the effective paging rate is ~ 3%, there can be more than 210 groups/subgroups, which results in more than 3%*210≈30 LP-WUSs per I-DRX cycle. Therefore, in Table 3 we analyze the resource overhead for transmitting 30, 50 and 100 LP-WUSs per I-DRX cycle. It is noted that based on our analyses in Section 5.4.1, 5.4.2 and 5.4.3, a periodicity that is no larger than 320ms is needed to satisfy the requirement of sync, RRM and fallback operation. Therefore, in Table 3 the overhead of 320ms is taken as the baseline for comparison, which is marked in green. From Table 3, it is observed that, on average the overhead will be increased by introducing preamble. 
[bookmark: _Ref162429284][bookmark: _Ref162513353]Table 3 Resource overhead of LP-SS and/or preamble
	Total overhead (ms)
	periodicity of LP-SS (ms)

	
	320
	640
	1280

	no preamble
	16
	8
	4

	with preamble=1ms

 # of LP-WUS per 1.28s
	30
	136 (=120+16)
	128 (=120+8)
	124 (=120+4)

	
	50
	216
	208
	204

	
	100
	416
	408
	404

	with preamble=0.5 ms

 # of LP-WUS per 1.28s
	30
	76
	68
	64

	
	50
	116
	108
	104

	
	100
	216
	208
	204

	with preamble=0.25 ms

 # of LP-WUS per 1.28s
	30
	46
	38
	34

	
	50
	66
	58
	54

	
	100
	116
	108
	104



Observation 12: Introducing preamble in addition to periodic LP-SS will increase the resource overhead.
Proposal 19: Preamble of LP-WUS is not supported.

Consideration on RRM measurement
[bookmark: _Hlk158194092]According to the WID [1], UE serving cell RRM measurement offloaded from MR to LP-WUR will be specified. To support such functionality, new metrics, such as LP-RSRP and LP-RSRQ should be defined. Both OFDM based LP-WUR and envelope detection based LP-WUR need to support the serving cell RRM measurement. 
Specifically, the resource to calculate LP-RSRP can be defined based on the property of the waveform. For example, considering OOK is used for LP-WUS/LP-SS, the resource to calculate LP-RSRP can be configured with a certain time duration (e.g. the time duration for a LP-SS transmission) within the BW of the LP-WUS deployment. In this case, it is up to gNB implementation to ensure that the reference signal are as interference free as possible.
Similarly, the resource to calculate LP-RSSI can be configured with another certain time duration within the BW of the LP-WUS deployment, where transmission of LP-SS, LP-WUS, interference and noise can be included within the resources.
Proposal 20: For serving cell RRM measurement offloaded from MR to LP-WUR, LP-RSRP and LP-RSRQ are introduced and specified as LP-SS based metrics.
In the WID objective, it is mentioned that “Note: For LP-WUR that can receive existing PSS/SSS, existing PSS/SSS can be used for synchronization and RRM instead of LP-SS.”. There are some discussions mentioning that for OFDM based LP-WUR using time-domain correlation may only measure the energy of SSS in time domain. Therefore, it should be discussed whether the existing SS-RSRP definition can be reused for the LP-WUR that can receive PSS and SSS, or new definition of LP-RSRP2 and LP-RSRQ2 are introduced for LP-WUR that can receive PSS and SSS.
Proposal 21: Further discuss whether existing SS-RSRP definition is reused for RRM serving cell measurement by OFDM based LP-WUR or define new LP-RSRP2 and LP-RSRQ2 by using existing SSS for LP-WUR that can receive PSS and SSS.

Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]In this contribution, the design of LP-WUS and LP-SS are discussed. The following observations and proposals are made:
Observation 1: Overlaid sequence(s) are the sequence of each OOK ON symbol before the DFT processing.
Observation 2: For 4x time domain repetition, transmit diversity by precoder cycling with two antenna ports can provide 2dB or more performance gain.
Observation 3: Compared to repeated LPWUS transmission over contiguous occasions, 1.5-2 dB gain can be obtained when the transmissions are over non-contiguous occasions. This is because more time diversity can be harvested.
Observation 4: Compared to repeated LPWUS transmission over contiguous occasions, 2.3 dB performance gain can be obtained with frequency hopping, when the signal bandwidth is 4.32MHz. While 5.2 dB performance gain can be obtained with frequency hopping, when the signal bandwidth is 1.44MHz.
Observation 5: The residual timing error after LP-SS detection depends on the length of OOK symbols, the larger M is, the smaller the residual timing error can be. 
Observation 6: Receiver architecture with parallel branches or receiver architecture being able to acquire phase information is capable to do frequency error estimation and correction. 
Observation 7: MR can be used to calibrate the frequency of LP-WUR to control the initial frequency error. 
Observation 8: The requirement of periodicity is usually dominated by the time error, where the residual frequency error contributes most of the time error.
Observation 9: To support the functionality of synchronization by periodic LP-SS only, the periodicity of LP-SS is less or equal to 320ms.
Observation 10: To support the functionality of synchronization by periodic LP-SS only, the periodicity of LP-SS is less or equal to 320ms.
Observation 11: To support the functionality of falling back to MR, the periodicity of LP-SS is less or equal to 320ms.
Observation 12: Introducing preamble in addition to periodic LP-SS will increase the resource overhead.

Proposal 1: OOK-1 is specified as a special case of OOK-4 with M=1.
Proposal 2: For LP-WUS, UEs are configured to monitor one or multiple LP-WUS occasions and each occasion can convey a block of information bits.
· The bit length of the block of information is configurable or determined only from RRC configurations.
· One LP-WUS occasion comprises of one or multiple OFDM symbols.
· Note: The OFDM symbol refers to the symbols after the processing “iFFT+CP” in S7.2.1.1 of TR 38.869
· FFS details of the pre-DFT sequences that refers to the input to the DFT/LS processing block in S7.2.1.1 of TR 38.869
· The size of pre-DFT sequence set
· Sequence generation/selection
· FFS the mapping from a block of information bits to pre-DFT sequences and OFDM symbols
· FFS: whether the series of pre-DFT sequences to wake up a UE only depends on UE-specific predetermined information
Proposal 3: For the Case #2 where there are multiple candidate overlaid OFDM sequences on each OOK symbol, bit block 1 and bit block 2 are generated from all the N bits information carried by one LP-WUS, 
· The LP-WUS consists of M OFDM symbols, where M can be smaller than the number of OFDM symbols required by all the N bits information being only carried by/modulating ON/OFF patterns 
· Bit block 1 is carried by/modulates the ON/OFF pattern of the M OFDM symbols.
· Bit block 2 is carried by/modulates the overlaid sequences in the M OFDM symbols.
· According to bit block 2, one overlaid OFDM sequence selected from a set of candidate OFDM sequences is on each OOK ON symbol.
· Bit block2 is not carried by/modulates the ON/OFF pattern.
Proposal 4: For LP-WUS information transmission, the following two cases can be configured by gNB:
· one specific overlaid sequence is transmitted on each OOK symbol, and the LP-WUS information is carried by OOK modulation;
· one sequence is selected from multiple candidate overlaid OFDM sequences on each ON symbol, and bit block 1 and bit block 2 are generated from all the N bits information carried by one LP-WUS.
Proposal 5: Further discuss and adopt sequence(s) considering the following aspects:
a) Sequence with good auto-correlation property and cross-correlation property
b) How to control the interference from LP-WUS transmitted from neighboring cells
Proposal 6: ZC sequences are considered as a starting point for the design of overlaid sequence(s).
Proposal 7: Pulse shape and/or spectrum shape are also considered in the design/selection of overlaid sequence(s).
Proposal 8: Support overlaid sequence(s) with a number of zero value samples at the beginning and the end of the sequence to have a concentrated waveform for time domain pulse shaping of LP-WUS.
Proposal 9: The value of ACS/ASCS should be further converged in WI phase in RAN4, which may have impact on LP-WUS/LP-SS design in RAN1.
Proposal 10: The SNR value(s) for LP-WUS design should be a range including the value corresponding to Msg3 PUSCH, so that gNB can have the flexibility for configuration.
Proposal 11: Time domain repetition and transmit diversity by precoder cycling are considered to improve the performance of LP-WUS.
Proposal 12: Coverage recovery schemes that exploits time / frequency diversities are considered.
Proposal 13: Binary spreading sequences are considered to multiplex WUSs on the same time-frequency resource and to improve the BLER. 
Proposal 14: As the starting point, the waveform of LP-SS can have similar design as LP-WUS, including at least the following aspects：
a) pulse shaping methods, including the concentrated waveform and the spectrum adjustment 
b) overlaid OFDM sequence(s) targeting for OOK waveform generation and also targeting for sync and RRM measurement for OFDM-based LP-WUR using the overlaid sequence of LP-SS
Proposal 15: Consider LP-SS specific design requirement, including at least larger guard band, and number of OOK symbols per OFDM symbol up to M=8.
Proposal 16: The design of LP-SS should consider the CP impact and the length of binary-valued sequence to generate LP-SS.
Proposal 17: For the OOK sequence of LP-SS, consider at least the following design principles
a) Binary sequence with good auto-correlation property
b) Limited length of consecutive '0's
c) '0's and '1's inside the binary sequence are balanced
Proposal 18: A set of candidate values for LP-SS periodicity can be defined, which are not larger than 320ms.
Proposal 19: Preamble of LP-WUS is not supported.
Proposal 20: For serving cell RRM measurement offloaded from MR to LP-WUR, LP-RSRP and LP-RSRQ are introduced and specified as LP-SS based metrics.
Proposal 21: Further discuss whether existing SS-RSRP definition is reused for RRM serving cell measurement by OFDM based LP-WUR or define new LP-RSRP2 and LP-RSRQ2 by using existing SSS for LP-WUR that can receive PSS and SSS.
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[bookmark: _Ref156291592]Appendix A
The cascade of DFT-precoding, fftshit operation, and IFFT results in a sinc-interpolation of the signal input.  However, if this operation is removed, the input signal is interpolated with different phase functions which result in a mismatch between the input signal and interpolated output signal. Figure 17 shows the sliding cross-correlation between the ZC sequence used for bit spreading, and the output CP-OFDM symbol with corresponding downsampling rate. If there is no fftshift operation at the input, then the cross-correlation does not display any clear peak as the legacy DFT-s-OFDM modulation changes the enveloped and phase of the interpolated signal. If the fftshift operation is applied, the output signal is a proper interpolated version of the input signal, and then as expected a clear correlation peak appears when the correlation window is shifted of about the CP length of 36 samples.
[image: ] 
[bookmark: _Ref156403262]Figure 17. Impact of fftshift operation at OOK-4 signal generation  no  on thecorrelation between input and output signals. 

[bookmark: _Ref157949246]Appendix B
Table 4 Simulation assumptions for Figure 8
	Parameters
	Assumptions

	Packet size
	48 bits

	Waveform
	OOK4 M=4

	Signal bandwidth
	4RB (1.44MHz) and 12RB (4.32MHz)

	Subcarrier spacing
	30kHz

	Channel model
	TDL-C 300ns

	UE speed
	3 km/h

	Number of RX antennas
	1

	Manchester coding 
	1/2 Manchester code applied 

	Time / frequency synchronization
	Ideal

	ADC
	3.84MHz, with 8 bit resolution

	Others
	· For FH with 12RB BW, frequency hopping step size is assumed to be 7.68MHz 
· For FH with 4RB BW, frequency hopping size is assumed to be 3.84MHz
· For repeated transmission over non-contiguous occasions, the interval between two repetitions is assumed to be 8.6 ms, i.e. each LPWUS transmission lasts for 24 OFDM symbols 0.86 ms. And 10 LPWUS from different users are time multiplexed, which accounts for 8.6ms interval between repetitions.



[bookmark: _Ref161837452]Table 5. Simulation parameters for Figure 10.
	Parameters
	Assumptions

	Packet size
	8 or 16 bits

	Waveform
	OOK4, M=2 and 4, with Zadoff-Chu sequence

	Signal bandwidth
	4 RB (1.44MHz)

	Subcarrier spacing
	30 kHz

	Channel model
	TDL-C, 300ns

	UE speed
	3 km/h

	Number of RX antennas
	1

	Manchester coding 
	Rate 1/2 

	Repetition code
	If L=8, 3 bits are repeated 3 times, 5 bits are not repeated
If L=16, 6 bits are repeated 3 times, 10 bits are not repeated

	Time / frequency synchronization
	Ideal

	ADC
	Ideal



Table 6 Simulation assumptions for Figure 11 and Figure 12
	Parameters
	Assumptions

	OOK sequence

	Cyclically extended m-sequence of length 8, 16, 32, and64

	Waveform
	Concentrated OOK-4 with 50% concentrationOOK4 

	Signal bandwidth
	12RB (4.32MHz), No guard band

	Subcarrier spacing
	30kHz

	Channel model
	TDL-C 300ns

	UE speed
	3 km/h

	Number of RX antennas
	1

	Interchannel interference
	None

	ADC
	3.84MHz, with 4 bit resolution

	BPF at Rx
	3rd-order Butterworth

	Detection algorithm
	Aperiodic correlation with relative threshold guaranteeing no more than 1% FAR with noise only.  Received envelope signal after passed to ADC is shifted around its mean and is correlated with a local sequence. The local sequence is a binary unipolar (i.e. 0 and 1) OOK sequence spread at the corresponding sampling rate and with corresponding CP addition.  



[bookmark: _Ref158229010]Appendix C
The simulation result of sequence detection on OOK-4 signal considering interference from neighbor cell are shown in Figure 18, where the x-axis is SINR accounting both the noise power and the interference power. In this simulation, we assume 1/8 of the interference power contributed by a random OOK-4 signal from a neighbor cell in the same bandwidth. Different ZC sequence (e.g. ZC sequence with different root) is used for different cell.
It can be observed that sequence detection is more robust against interference than envelope detection. The performance loss is about 1 dB for 1/8 LP-WUS interference respectively for sequence detection, while more than 2.5dB performance degradation is observed for envelope detection for the same cases.
[image: ]
[bookmark: _Ref158229121]Figure 18. Link level performance of sequence detection on OOK-4 signal considering interference from neighbor cell 
To compare the coverage performance for different modulation types, the MIL for different modulation types and MIL target are drawn in Figure 19 to show the coverage margin that LP-WUS can provide for different modulation types in a straight forward way. In Figure 19, modulations (OOK-4 and sequence detection of OOK-4) are shown as example. 56 kbps corresponds to the case where neither repetition nor precoder cycling is used, 28k bps corresponds to the case where 2 repetitions and precoder cycling is used, and 14 kbps corresponds to the case where 4 repetitions and precoder cycling used. For OOK-4 and FSK-2 the FAR is <10-11, and for sequence detection of OOK-4 the FAR is ~10-3. Under the ideal time and frequency error, and compared with Msg3 MIL target:
-	OOK has 1dB coverage gap under 14 kbps data rate;
-	Sequence on top of OOK can achieve Msg3 MIL under 56 kbps with ~3 dB margin, which can be made up by power boosting feasible from gNB.
Therefore, to obtain the same coverage performance, repetition 4 times is needed for envelop detection than sequence detection. 
[image: ]
[bookmark: _Ref162598217]Figure 19. Coverage performance for some schemes

image3.png
Sisa particular overlaid sequence on an OOK on symbol

P cp P cp

<«—— 1 CP-OFDM symbol ——» «——— 1CP-OFDM symbol ——s<———— 1 CP-OFDM symbol ———» «——— 1CP-OFDM symbol ——»
L ) L e J L J
2bit 2bit 2bit 2bit

1 1 ! J
modulated by OOK ON/OFF pattern with Manchester coding

v
LP-WUS signal consists of N bits, occuping N/2 OFDM symbols




image4.png
N bits LP-WUS information

A 5 c A 5 c A 5 c
s bits s 5 it 3 its w/sbits 1] 3 bits
- [, v N % | %
N | | 7 7 | 7
N . . / . . /
. sequence sequence ook sequence sequence ook
K based modulation based modulation  1uodunton  based medulation based modulation Euaten
N | | 7 7 | 7
kN L] L] ’ ys L] ’
M=N/6 OFDM symbol M=N/6 OFOM symbol M=N/6 OFOM symbol
<
N
N
N
Sis an overiaid sequence which is slected from 4 ™.
candidate sequences according to bit block2 S
N

~
N
bit block 2: modulated by multiple overlaid sequences \.

2bits of 2bits of 2bits of 2bits of
CP bode  bitblo2 CP ez tblock2
H S S ' e H S S

=1 CP-OFDM symbol— -—1 CP-OFDM Symb(arl

-

[S—

2 bits of bit biodkl

bit block 1: modulated by OOK modulation

N /6 OFDM symbols





image5.png
Sis an overlaid sequence which is slected from

4 candidate sequences according to bit block2
bit block 2: modulated by multiple overlaid sequences on

[ , each OOK ON symbol , .

cp  2bitsof  2bitsof Cp  2bitsof 2 bits of
bitblock2  bit block2 bitblock2  bit block2
H S S |..... H S S

=<1 CP-OFDM symbol—= <——1 CP-OFDM symbol

—J N J

2 bits of blit block1

bit block 1: modulated by OOK ON/OFF pattern

LP-WUS signal consists of N bits,
occupying N/6 OFDM symbols




image6.png
150

oz

000

025

20

10

os

The accuracy of detected energy shall
be impacted if the OOK symbol
boundary is not accurate due to timing

3 ED 6 E] sz
The accuracy of the detected energy
shall be more robust with respecc to
timing error





image7.emf
-10 -8 -6 -4 -2 0 2 4 6 8 10 12

SNR [dB]

10

-3

10

-2

10

-1

10

0

B

L

E

R

 

o

r

 

M

D

R

OOK4 M=4seg/OS, Rpeatx2, TxD

OOK4 M=4seg/OS, Repeatx4, no TxD

OOK4 M=4seg/OS, Repeatx4, TxD

SeqOnOOK4,M=4seg/OS, Repx2, TxD

SeqOnOOK4,M=4seg/OS, Repx4, TxD


image8.png
(a) LPWUS is transmitted without repetition

(b)Repeated LPWUS transmissions in contiguous occasions

> >
2 2
5} 5}
5| - g D ErEre—
oo LPWUS msg = | Repetition 0 1 2 3
- 5
Time Time
(c) Repeated LPWUS transmissions with frequency hopping
Rep 3
—

> Rep 2

g —

= Rep 1

3

= —

Rep 0
=
Time

(d)Repeated LPWUS transmissions in non-contiguous occasions

[

$| RepO Rep 1 Rep 2 Rep 3

g @/ - ) ) - CEE )
o

Time




image9.emf
-6 -4 -2 0 2 4 6 8 10 12 14 16

SNR [dB]

10

-3

10

-2

10

-1

10

0

B

L

E

R

(a) 12RB

OOK4M4, no repetition

OOK4M4, repeatx4 in consecutive slots, no FH

OOK4M4, repeatx4 in non-consecutive slots, no FH

OOK4M4, repeatx4 with FH


image10.emf
-6 -4 -2 0 2 4 6 8 10 12 14 16

SNR [dB]

10

-3

10

-2

10

-1

10

0

B

L

E

R

(b) 4RB

OOK4M4, no repetition

OOK4M4, repeatx4 in consecutive slots, no FH

OOK4M4, repeatx4 in non-consecutive slots, no FH

OOK4M4, repeatx4 with FH


image11.png
cb;

b

b,

(mod2)

00K

Energy I

Channel 1 o Demutiplexing (— 5
Energy Y2

Channel 2 o Demutiplexing (— b
Energy | Yy

Channel M o Demutiplexing (— b,





image12.emf
-15 -10 -5 0 5 10

SNR [dB]

10

-3

10

-2

10

-1

10

0

B

L

E

R

8 bits ID

M=4

M=2

Uncoded

Repetition code

Hamming code

-15 -10 -5 0 5 10

SNR [dB]

10

-3

10

-2

10

-1

10

0

B

L

E

R

16 bits ID

M=2

M=4

Uncoded

Repetition code

Hamming code


image13.emf

image14.emf
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Timing shift [ s]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

a

p

e

r

i

o

d

i

c

 

a

u

t

o

c

o

r

r

e

l

a

t

i

o

n

data1

data2

data3

data4


image15.emf
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Absolute timing Error [ s]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

C

D

F

M=1

M=2

M=4

M=8


image16.emf
-6 -4 -2 0 2 4

SNR

10

-3

10

-2

10

-1

10

0

M

i

s

s

 

d

e

t

e

c

t

i

o

n

M=1

M=2

M=4

M=8


image17.png
Gusrdbandter RS

Reteronce oot

£ e 1)
iter 1,
Gudbangfor RS “

Nofrequencyofiet  Negaive hequencyofset  Posive frequencycfet





image18.png
CDF

09

08

07

06

05

04

03

02

01

Initial CFO=10ppm

it

SNR=1508
SNR=508
SNR=-508

6 8 10 12 14
Absolute value of residual CFO [ppm]

16

18

20




image19.png
0.8

06

0.4

0.2

CDF of delta RSRP

One sample: 4dB
two samples: 3.5dB

four samples: 3.1dB

0 2 4

6 8
Delta RSRP




image20.png
LP-SS#2 LP-SS#1

Rampu‘p time PO
(a) The best case

LP-SS#2 LP-SS#1

Rampup time PO

(b) The worst case




image21.emf
0 10 20 30 40 50 60 70 80

time sample ffshift

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

n

o

r

m

a

l

i

z

e

d

 

a

b

s

o

l

u

t

e

 

c

o

r

r

e

l

a

t

i

o

n

 

sliding correlation between ZC spreading sequence 

and ouput CP-OFDM signal  

without fftshift

with fftshift


image22.png
BLER

500ns guard time concentrated waveform, 2bits per 4segments, TDL-C 300ns

100

1071

1072

0OK4_2bitsdsegs, sequence correlator, 2T1R precoding cycling with 4 repetitions

~¥" white interference
0OK4_2bits4segs, sequence correlator, 2T1R precoding cycling with 4 repetitions

~*= with an interfering LP-WUS from other cell(the power is 1/8 of total interference power)
0OK4_2bits4segs, envelope, 2T1R with precoding cycling with 4 repetitions

=%~ white interference

_ . OOKa 2bitsasegs, envelope detection, 2TIR with precoding cycling with 4 repetitions

with an interfering LP-WUS from other cell (the power is 1/8 of total interference power)
\

Y,

-10

SNR(dB)





image23.png
155

150

14¢

&

1

&

1

w
&

130

MIL of Msg3: 149.61

56kbps 28kbps(x2 repetitionand  14kbps(x4 repetition and

WOOK-4 mWFSK-2

precoder oycling) precoder oycling)

m sequence detection of OOK-4




image1.png
Legacy NR

LP-WUS time i
0..(N*-
|
—n
G

LP-WUs
0.(N-1)

Albitstobe g (@M=4 bits y
transmitted e.g. 1001





image2.jpeg
Bt block 1

00K modulation

<03<1><13<0>

JuLr

Select a sequence for each "ON"
symbols based on bit block 2

©110....)

Bit block 2

with
coding

(11010001

DFT

Resource mapping

Xy ]

REs for
legacy NR signals|

‘wf
RE:

for LP-WUS L

IFFTC

nd b p—

~+——1 CP-OFDM symbol——=—<——1 CP-OFDM symbol—





