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Introduction
In the RAN1 #116 meeting, issues on LP-WUS/LP-SS generation is discussed [1], and the related agreements are listed as follows:
	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.
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
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.
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.
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 this contribution, discussions based on LP-WUS/LP-SS will be discussed. The potential LP-WUS/LP-SS generation method is described, and the detailed generation process is also introduced.
LP-WUS generation process
LP-WUS is targeted for ultra-low power consumption waveform. As mentioned in [2], the target waveform is OOK-based LP-WUS with overlaid OFDM sequences. OOK-1 is derived from IEEE 802.11ba [3], and the information sequence is mapped in the corresponding OFDM symbols to represent the waveform ‘ON’, and not be mapped if the waveform ‘OFF’ needs to be conveyed. In the receiver, envelope detection will distinguish the waveform ‘ON’ from the waveform ‘OFF’. A bandpass filter is also configured on the target WUS signal bandwidth to reduce the noise impact and avoid potential interference from co-existing legacy NR signals or other WUSs. A typical option OOK-1 method can be described as follows:

             [image: ]
Figure 1. Illustration of option OOK-1 generation process                   Figure 2. Waveform of option OOK-1
In OOK-4, M-bit OOK can be transformed by DFT precoding and/or LS square. The time domain waveform can be shaped by expanding the target information bit, e.g., [0 1] -> [ 0 0 0 0 … 0 0 1 1 1 1 …. 1 1], and a DFT precoder is introduced to approach the ideal OOK waveform. Then truncation is performed under a given signal bandwidth. After OFDM modulation, the shape of the time-domain LP-WUS signal will approach the ideal time-domain OOK waveform. A bandpass filter is also configured on the target WUS signal bandwidth to reduce the noise impact and avoid potential interference from co-existing legacy NR signals or other WUSs. A typical option OOK-4 method can be described as follows:

           [image: ]
Figure 3 Illustration of option OOK-4 generation process                Figure 4 Waveform of option OOK-4
Though candidate solutions have been adopted in the current TR [4], no more detailed waveform generation procedures are provided. Meanwhile, considering OFDM sequence is overlaid with information bits, the sequence design also needs to be discussed. Hence, the corresponding signal generation procedure and OFDM sequence design are discussed in this contribution.
LP-WUS sequence design
Based on [2], overlaid OFDM sequence is utilized for LP-WUS sequence, and the detailed sequence design should be discussed. To obtain a constant envelope waveform and avoid the frequency spike effect, the information sequence can be the sequence with a constant envelope but different phases instead of the ‘all-one sequence’ when mapping to the frequency resource, such as the ZC sequence. The frequency spectrum will be spread out over the bandwidth and reduce the possibility of threshold effect as well based on such sequence characteristics. Since the OFDM sequence shall be overlaid on the OOK-1 design and information will be carried in such OFDM sequences, a suitable OFDM sequence shall be selected to guarantee the detection performance, such as better cross-correlation or anti-fading capability. At least three aspects shall be considered when seeking the target sequence:
· Sequence type
· Sequence generation parameter
· Payload size carried on the sequence 
The different sequence has their specific properties and the detection performance will be accordingly affected, such as the cross-correlation of the ZC sequence is better than m sequence and consequently selected as the PSS generation sequence. Besides, different generation parameters may also have impacts on the detection performance even if the same sequence type is utilized. For example, the different u/v values will affect the cross-correlation performance when generating a ZC sequence, and detection performance is also different due to such a property. Finally, as mentioned above, information bits shall be carried in the OFDM sequence. Considering a typical method to convey the corresponding information bits in the sequence is to utilize their sequence properties (e.g., sequence phase, sequence generation parameter) to distinguish the carried information, a suitable information payload should be confirmed to make a trade-off between payload size and detection performance. 
[bookmark: PP1]Proposal 1: The following aspects can be considered for the Overlaid OFDM sequence design:
· Sequence types, such as ZC sequence, Gold sequence or some predefined sequence
· Sequence generation parameters, such as u/v values in the ZC sequence generation procedure
· Payload size carried on the corresponding sequence
OOK-1/OOK-4 specification
Based on the WID description, the OOK waveform generation procedure needs to be specified. In the Physical uplink control channel chapter, 3 sections are used to illustrate the generation procedure, including general format description, sequence generation method and their detailed format generation procedure [5]. Considering LP-WUS has two formats and both of them need to be generated by sequence, the PUCCH generation procedure can be as a reference for the LP-WUS description in the spec. A similar description may be recorded in the potential new spec., including OOK generation format description (e.g., OOK format 0 for OOK-1, OOK format 1 for OOK-2), sequence generation method and their generation procedure for each format.
[bookmark: PP2]Proposal 2: The specification of the LP-WUS can contain at least the following section:
· General
· Sequence generation
· LP-WUS format 0/1
OOK-1 specification
Two steps are written in the PUCCH format 1 generation procedure, including sequence modulation and mapping to physical resources. In sequence modulation, a block of bits is modulated in the sequence by BPSK or QPSK. Considering OOK-1 is modulated by one OFDM sequence per OFDM symbol to represent the waveform ‘ON’, the corresponding modulation description shall be written in the sequence modulation section. Meanwhile, since such OFDM sequence also carries information bits for OFDM WUR, detailed sequence generation description needs also be adopted in the corresponding section, such as the different sequence phases corresponding to the information ‘1’ or ‘0’. After modulation, the corresponding OFDM sequence will be mapped to the frequency RE resource. Since virtual resource blocks may be used if a DL signal is mapped in the frequency resource, such a procedure may also need to be considered in the generation procedure description.
[bookmark: PP3]Proposal 3: The specification of the OOK-1 for the LP-WUS may contain at least the following section:
· Sequence modulation
· Mapping to virtual resource blocks if necessary
· Mapping to physical resource blocks
OOK-4 specification
Similar to OOK-1 description, sequence modulation and mapping to physical resource blocks are necessary for OOK-4 generation procedure, while additional steps are needed such as DFT-precoder since OOK-4 is an approximation-based waveform generation method. Hence, such steps should be discussed.
As mentioned in the WID, OOK-4 is an approximation-based M-bit modulation LP-WUS format. Assuming a total N bit will be transmitted in the LP-WUS signal, rate matching is a necessary step to calculate the required number of frequency and time domain resources, especially when N>M that more than one OFDM symbols are needed. In that case, LP-WUS bits shall be divided into several signal blocks based on the rate matching requirement, then the approximation-based OOK-4 time domain waveform can be generated based on the value M.


Figure 5 Rate matching procedure illustration
After rate matching, the corresponding bits in each signal block will be generated into OOK waveforms. Based on the WID description, information bits will be carried on the OFDM sequence. Considering longer sequences will have better detection performance, the OFDM sequence shall be modulated or spread as the target signal bandwidth size to perform OOK modulation. If an ‘all-one’ sequence is selected to represent the waveform ‘ON’, then the input M bits can be just spread in the time domain for simplicity. For example, the input bits [0 1] can be spread as [ 0 0 0 0 … 0 0 1 1 1 1 …. 1 1], and the all-one sequence ‘1 1 1 … 1 1’ is used to perform OOK modulation. If another OFDM sequence is utilized, the all-one sequence should be replaced as the selected sequence. Then DFT precoder will be performed to generate frequency physical resource blocks. 
Moreover, considering the generated spectrum energy may also be concentrated even if the OFDM sequence has been utilized to flat the spectrum, a main-lobe part repetition method can be utilized to acquire additional frequency diversity gain for anti-fading. Assuming x is the frequency domain sampling point input and m is an OFDM symbol, b is the input time domain waveform sampling, N is the total time domain waveform sampling point size and L can be regarded as the number of REs. After DFT precoding, the signal in the m-th OFDM symbol can be further expressed as:


To better illustrate the anti-fading effect based on the mentioned method, all-one sequence is utilized as an example to show the frequency diversity gain. The formula after passing the channel and the amplitude-frequency response both illustrate that frequency energy will be concentrated on the central part when OOK-4 generation is utilized:

             [image: ]
Figure 6 The formula and amplitude frequency response for basic OOK-option 4 scheme
Based on figure 7, figure 8, figure 9 and figure 10, the main lobe of the signal in the frequency response has the most significant contribution, while the side lobe has little contribution to the signal and can be cut off to reduce the occupied frequency resource. If such side lobe can be replaced by the main lobe, the frequency diversity gain will be acquired and the threshold effect can be mitigated. We name this idea a ‘central part repetition’ scheme.
[image: ]                   [image: ]
Figure 7. Frequency response and time domain waveform in all main-lobe and side-lobe
[image: ]                   [image: ]
Figure 8. Frequency response and time domain waveform after cutting off some side-lobe
[image: ]             [image: ]             [image: ]
Figure 9. The frequency effect after some side-lobe is cut off and replaced by main-lobe
[image: ]          [image: ]            [image: ]
Figure 10. The time domain waveform effect after some side-lobe is cut off and replaced by main-lobe
The scheme can be described from two aspects. First, we can disperse effective energy distribution. That is to say, we can generate more DFT precoding, reserve the main lobe and reduce the power of each main lobe to guarantee constant total energy and acquire frequency diversity. Meanwhile, we can also cut off the side lobe in the allocated bandwidth and replace it with the repeated main lobe generated in the first step. The process can be further described in the following steps:
Step 1: Generate a DFT precoding input with bandwidth R


Step 2: Generate multiple DFT precoding inputs based on frequency position


Step 3: Cut off the side lobe. For simply, we can assume the size of reserved main lobe is R/X.


Step 4: Sequential splicing. Since X segment is generated, the total bandwidth of splicing size is still R.


Figure 11. Generation process of the scheme ‘central part repetition’
Based on this scheme, there will be X frequency peak spread evenly over the allocated bandwidth, and the tradeoff between a single spike and the number of side-lobe can be also found. An example with a repeat number of 8 is shown in figure 12 and figure 13. As can be seen, at least one main peak energy can be utilized to generate the time domain waveform, a more specific mathematical process of such a scheme can be referred to in Appendix B.
[image: ]             [image: ]
Figure 12 AFR for the proposed scheme                                Figure 13 PSD for the proposed scheme
Moreover, the simulation results for the proposed ‘central part repetition’ scheme are also provided. Assuming the repeat number is 8 and the cut off frequency location is 1/8 of the whole LP-WUS bandwidth, 3 chip rates are simulated with 4-bit ADC and an order 5 filter. The detailed simulation assumption can be found in Appendix A.
[image: ]                     [image: ]
Figure 14 Different rates for the proposed OOK-4 scheme           Figure 15 Performance of other proposed scheme in 28kbps
Considering other solutions are also provided in the TR, a comparison of these schemes is also displayed in the following figure. For a fair comparison, the same bandwidth, total power, signal structure and receiver process are assumed, and 4bit ADC is assumed to guarantee that the detection performance is not affected. The detailed assumptions can be found in Appendix A.
As can be seen in figure 15, each solution improves the original scheme. At least 3dB performance gain can be observed from the alternative ‘1’ and ‘-1’ due to the 2-length cyclic shift lower down the high spike in the frequency domain. However, since only 2 phases are used in the time domain ‘ON’ waveform, the frequency spike still exists and the improvement effect is not idle. The whole-length ZC sequence derived from ‘flatten the spectrum’ can have the max spectrum spreading effect as well as detection performance, and the proposed scheme ‘central part repetition’ has a similar performance to the ZC sequence, hence ‘central part repetition’ scheme should be considered in the potential OOK-4 normative work. 
[bookmark: PP4]Proposal 4: The specification of the OOK-4 for the LP-WUS may contain at least the following section:
· Rate match to generate signal blocks
· Sequence spread or sequence modulation based on the target signal bandwidth
· DFT precoder 
· Central part repetition
· Mapping to virtual resource blocks if necessary
· Mapping to physical resource blocks
[bookmark: PP5]Proposal 5: The scheme ‘central part repetition’ should be supported based on following steps:
· Generate a DFT precoding input with bandwidth R
· Generate multiple DFT precoding inputs based on different frequency start position
· Cut off the side lobe
· Sequential splicing
SCS for LP-WUS/LP-SS generation
In the last meeting, whether 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 needs to be confirmed. The larger subcarrier space used in the LP-WUS symbol will shorten its time duration compared with the NR symbol, and the chip rate will be increased due to more LP-WUS chips can be carried in the time duration of one NR OFDM symbol. For example, if NR SCS is 30kHz and WUS SCS is 60kHz, a 56kbps chip rate can be assumed so that one chip per OFDM symbol is able to be performed, and the time duration of LP-WUS symbol is half of the NR OFDM symbol, hence it can be regarded as 2 chips carried in one NR OFDM symbol with 30KHz SCS. Since different subcarrier spaces are used for the WUS signal, generation flexibility will also be improved.
[bookmark: OB1]Observation 1: Different SCS between LP-WUS/LP-SS and NR signals can increase the chip rate of WUS signal and improve the generation flexibility.
However, different SCS of the LP-WUS signal and legacy NR signal means at least two OFDM modulation processes should be performed, which will significantly increase the network overhead. And REs mapped for LP-WUS signal need to be set as zero when NR signal is performed OFDM modulation process, as illustrated in figure 16, and the spectrum efficiency is also affected. Therefore, different SCS between LP-WUS and NR signals causes huge impacts on the network, which should not be supported.
[bookmark: OB2]Observation 2: Different SCS between LP-WUS/LP-SS and NR signals increases the NW overhead and degrades the spectrum efficiency


Figure 16 Illustration of generation process with different SCS between LP-WUS and NR
[bookmark: PP6]Proposal 6: Different SCS of a CP-OFDM symbol used for LP-WUS/LP-SS generation to the SCS used for other NR transmissions in the same CP-OFDM symbol is not supported. 
LP-SS generation process
Similar with LP-WUS signal, LP-SS is also designed based on the above-mentioned procedure, but the OOK generation method and the corresponding sequence used for OOK generation procedure are still not sure, hence such problems should be further discussed.
LP-SS generation method
A typical difference between OOK-1 and OOK-4 is the data rate. Since OOK waveform can be pre-generated before DFT precoder, OOK-4 is able to support higher data rate by generating more chips in one OFDM symbol. Considering the LP-SS is utilized for RRM measurement and synchronization, which seems mainly utilized for sequence cross-correlation and not necessary for a higher data rate design, the OOK-1 design for LP-SS is enough. Meanwhile, a lower chip rate OOK waveform design is more beneficial for the measurement and synchronization due to its robustness. Hence, OOK-1 can be considered first for the LP-SS generation method, and OOK-4 is not precluded if more information bits is needed in the LP-SS signals.
[bookmark: PP7]Proposal 7: OOK-1 is preferred for the LP-SS generation method due to its robustness.
· OOK-4 is not precluded if more information bits is required in the LP-SS signals.
LP-SS sequence design
Considering the overlaid OFDM sequence is mainly designed for OFDM WUR based on cross-correlation detection, and the legacy SSS can also have the similar effect, the overlaid OFDM sequence design is not essential. SSS PRBs are able to be reserved from PBCH blocks to avoid interference from non-SSS PRBs by a baseband filter, and the corresponding detection performance of the OFDM WUR is guaranteed. Moreover, the workload may be large if an overlaid OFDM sequence design is supported. A longer LP-SS sequence design may cause too much power consumption when received by LP-WUR, and a short design will result in worse detection performance. Therefore, a trade-off of the OFDM sequence length design should be studied, large simulation work is needed, and it seems not meaningful if the final design is similar to the SSS sequence design. Considering the LP-SS design also affects the RRM measurement procedure, complex LP-SS generation will cause a large normative workload, thus the OFDM sequence overlaid design is better not to be considered in the LP-SS generation procedure.
[bookmark: PP8]Proposal 8: Not considering overlaid OFDM sequence design in the LP-SS design.
Similar to LP-WUS signal, sequence design should be considered based on a constant envelope but different phases, hence the potential sequence design method is similar to the overlaid OFDM sequence in the LP-WUS, but not considering the payload design in the target sequence, and not need to design a long sequence to guarantee the synchronization comparable with legacy SSS for the OFDM WUR. Considering the detailed overlaid OFDM sequence design is not aligned, the corresponding LP-SS sequence design target can refer to the LP-WUS sequence design target with a reduced sequence length and eliminate the carried information bits.
[bookmark: PP9]Proposal 9: The LP-SS sequence design can refer to the LP-WUS overlaid OFDM sequence design method with the following adjustment:
· Shorten the sequence length
· Eliminate the information bits.
LP-SS structure
Based on the current TR, LP-SS will be transmitted periodically, and whether a preamble is needed ahead of the LP-WUS signal should be further confirmed. The potential signal structure design is listed as follows:
· Option 1: LP-SS + preamble + LP-WUS.
· Option 2: LP-SS + LP-WUS. 
The option 2 design has the benefit of lowering the LP-WUS signal complexity, but risks of time shift between the period synchronization sequence and the LP-WUS signal may still exist, and the network overhead is also increased due to its periodic transmission. To find the most reasonable design, the necessity of a preamble should be discussed based on timing error level.


Figure 17 Illustration of timing error in the LP-SS synchronization
As shown in Figure 17, LP-WUS may be received on any occasion between LP-SS 1 and LP-SS 2. Assuming T1 is the potential timing error of the LP-SS or SSS synchronization signal, T2 is the timing drift level between LP-SS 1 and the target LP-WUS signal, apparently T2 becomes larger if the distance between LP-SS 1 and LP-WUS signal is longer. Considering timing error tolerance has been adopted in the current TR, i.e., around 5us can be tolerated for OOK-1 and 1us for OOK-4, whether a preamble ahead of the LP-WUS signal is needed should be based on the tolerance value. That means, if T1+T2 is larger than the tolerance value, a preamble should be added, otherwise the preamble is not needed.
[bookmark: PP10]Proposal 10: Whether a preamble is needed should be based on the specific scenario.
· Option 1 is selected if T1+T2 > tolerance value
· Option 2 is selected if T1+T2 < tolerance value
Monitoring
Based on the WID description, at least the duty-cycled monitoring mechanism is prioritized, and whether continuous monitoring can be supported needs further discussion. Apparently, continuous monitoring is able to guarantee that the WUS signal can be always detected, while extra power consumption is caused in UE due to its consistent monitoring. For consideration of reducing extra power consumption, only duty-cycled monitoring is better to be utilized. However, DRX cycle should be reasonable enough so that all WUS signals can be detected, otherwise at least detection performance will be affected. To realize that target, the DRX cycle needs to be small and configurable, and can be utilized when the main radio is in the sleep state.
[bookmark: PP11]Proposal 11: Only duty-cycled monitoring is better to be utilized in the monitor mechanism.
Conclusions
In this contribution, we discuss the aspects on the LP-WUS generation procedure, and have the following observations and proposals: 
Observation 1: Different SCS between LP-WUS/LP-SS and NR signals can increase the chip rate of WUS signal and improve the generation flexibility.
Observation 2: Different SCS between LP-WUS/LP-SS and NR signals increases the NW overhead and degrades the spectrum efficiency
Proposal 1: The following aspects can be considered for the Overlaid OFDM sequence design:
· Sequence types, such as ZC sequence, Gold sequence or some predefined sequence
· Sequence generation parameters, such as u/v values in the ZC sequence generation procedure
· Payload size carried on the corresponding sequence
Proposal 2: The specification of the LP-WUS can contain at least the following section:
· General
· Sequence generation
· LP-WUS format 0/1
Proposal 3: The specification of the OOK-1 for the LP-WUS may contain at least the following section:
· Sequence modulation
· Mapping to virtual resource blocks if necessary
· Mapping to physical resource blocks
Proposal 4: The specification of the OOK-4 for the LP-WUS may contain at least the following section:
· Rate match to generate signal blocks
· Sequence spread or sequence modulation based on the target signal bandwidth
· DFT precoder 
· Central part repetition
· Mapping to virtual resource blocks if necessary
· Mapping to physical resource blocks
Proposal 5: The scheme ‘central part repetition’ should be supported based on following steps:
· Generate a DFT precoding input with bandwidth R
· Generate multiple DFT precoding inputs based on different frequency start position
· Cut off the side lobe
· Sequential splicing
Proposal 6: Different SCS of a CP-OFDM symbol used for LP-WUS/LP-SS generation to the SCS used for other NR transmissions in the same CP-OFDM symbol is not supported. 
Proposal 7: OOK-1 is preferred for the LP-SS generation method due to its robustness.
· OOK-4 is not precluded if more information bits is required in the LP-SS signals.
Proposal 8: Not considering overlaid OFDM sequence design in the LP-SS design.
Proposal 9: The LP-SS sequence design can refer to the LP-WUS overlaid OFDM sequence design method with the following adjustment:
· Shorten the sequence length
· Eliminate the information bits.
Proposal 10: Whether a preamble is needed should be based on the specific scenario.
· Option 1 is selected if T1+T2 > tolerance value
· Option 2 is selected if T1+T2 < tolerance value
Proposal 11: Only duty-cycled monitoring is better to be utilized in the monitor mechanism.
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Appendix A: simulation assumptions
Table 1. Simulation assumptions for option OOK-4.
	Attributes
	Assumptions

	MC-OOK method
	Option OOK-4

	Carrier Frequency
	4GHz

	Channel structure
	Preamble +data +CRC: 16chips/32 chips+ 32 bits +8 CRC bits

	Coding
	1/2 rate Manchester coding (For information bits and CRC bits)

	Chip rate 
	28kbps, 56kbps

	SCS
	30kHz

	WUS BW
	3RB~1.08MHz, 6RB~2.16MHz, 9RB~3.24MHz, 12RB~4.32MHz

	Filter 
	5th Order Butterworth 

	Sampling Rate
	3.84MHz 

	Channel Model
	TDL-C 300ns

	Guardband 
	2RB

	ADC bits
	1bit, 2bit, 4bit, 8bit, idle


Appendix B: Generation process of ‘central part repetition’
As we known, the transmission process can be divided into three parts, i.e., block generation, WUS sharing, and multi-carrier modulation. The reception process can also be divided into three parts, i.e., analog to digital transform, time synchronization, and envelope detection.
After LS square pre-distortion, the signal can be expressed as

where  is the  dimension Fourier inverse matrix. The original equation can also be simplified as

where  is a  dimension Fourier matrix.
More specifically, the signal in an OFDM symbol can be expressed as 
[image: ]
where , and L is the number of frequency input REs.
As mentioned in section 2.1.2, if  is exactly at the deep fading part of the channel, most of the signal energy will be lost, making it very difficult to distinguish between the input signal and Gaussian noise by envelope detection. In this way, we want to solve the problem from two aspects. 
We can disperse effective energy distribution. That is to say, we can increase more inputs and reduce the power of each input to guarantee constant total energy and acquire frequency diversity. 
We can also cut off the non-centralized part in the allocated bandwidth. In other words, the non-centralized part has little contribution to the waveform generation but occupies most of the bandwidth, such part can be replaced by more LS square pre-distortion inputs to get more frequency diversity gain and improve the detection performance.
Assuming  is the total allocated bandwidth of LP-WUS,  inputs are generated with different phase rotations in the Q segments and  is the starting position of the allocated bandwidth, three steps can be designed to achieve the scheme.
Step 1: Generate LS pre-distortion input based on bandwidth R. Since bandwidth is divided equally into Q segments, the number of LS pre-distortion inputs should be Q.
[image: ]
Step 2: Cut off the non-centralized part. Only the first  of each input will be reserved, and a power factor is also needed to guarantee constant total energy.
[image: ]
Step 3: Combining all the mapping segments to produce the final frequency domain mapping result. Since the size of each segment is , the total bandwidth size after combination mapping is still .
[image: ]
[bookmark: _GoBack]A power factor is also needed to guarantee average EPRE of LP-WUS is the same as legacy NR signals, and the SNR is calculated based on per RE level. Under this approach, frequency diversity is acquired by frequency repetition, guaranteeing that the time domain waveforms are still distinguishable enough to be judged by the comparator after the multipath fading.
12
  
image1.emf
OFDM 

modulation

LP-WUS: 

ZC sequence

1 OFDM symbol

0

1

0

1

Guard band

Legacy NR

LP-WUS signal


Microsoft_Visio___.vsdx
OFDM modulation
LP-WUS: ZC sequence

1 OFDM symbol
0
1
0
1
Guard band
Legacy NR
LP-WUS signal



image2.emf
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Sample

0

0.05

0.1

0.15

0.2

0.25

0.3

A

m

p

i

t

u

d

e

time domain waveform for option OOK-1


image3.emf
OFDM 

modulation

LP-WUS 

bandwidth

Guard band

Legacy NR

0

1

0

1

LP-WUS signal

Multiple

WUS 

shaping:

(F

H

F)

-1

F

H

B

1 OFDM symbol


Microsoft_Visio___1.vsdx
OFDM modulation

LP-WUS bandwidth
Guard band
Legacy NR
0
1
0
1
LP-WUS signal
Multiple
WUS shaping:
(FHF)-1FHB
1 OFDM symbol



image4.emf
0 500 1000 1500 2000 2500

Sample

0.05

0.1

0.15

0.2

0.25

0.3

A

m

p

l

i

t

u

d

e

4-bits OOK in one OFDM symbol


image5.emf
b

0

b

1

Ċ Ċ

b

N-1

Payload with N bits

Rate 

matching

b

0

,

Ċ

,b

M

-1

b

M

,

Ċ

,b

2M

-1

ĊĊ

b

N-1-M

,

Ċ

,b

N

-1

OFDM symbols /1 NM

 




Microsoft_Visio___2.vsdx
b0
b1
…
…
bN-1
Payload with N bits



Rate matching
b0,…,bM-1
bM,…,b2M-1
……
bN-1-M,…,bN-1
OFDM symbols



image6.wmf
111

(1)

000

,,...,

NNN

kLk

mkkk

kkk

xbbwbw

---

---

===

éù

=

êú

ëû

ååå


oleObject1.bin

image7.wmf
11111

0

00001

111

(1)

0

000

0

111

((1))

0

000

............

NLNNL

lklk

klkkl

klkkl

NLN

lk

klkk

klk

m

NLN

lkN

klk

klk

bHwbHbHw

bHwbHbH

xn

bHwbH

-----

--

=====

---

--

===

---

---

===

éùéù

êúêú

êúêú

êúêú

êúêú

=+=+

êúêú

êúêú

êúêú

êúêú

êúêú

ëûëû

ååååå

ååå

ååå

11

(1)

01

0

11

((1))

01

......

NL

lk

l

kl

NL

lkN

kl

kl

w

n

bHw

--

--

==

--

---

==

éù

êú

êú

êú

êú

+

êú

êú

êú

êú

êú

ëû

åå

åå


oleObject2.bin

image8.png




image9.emf
480 500 520 540 560 580 600

Frequence domain sample

0

1

2

3

4

5

6

7

A

m

p

l

i

t

u

d

e

Amplitude Frequence Response (AFR)


image10.emf
0 200 400 600 800 1000 1200

Time domain sample

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

A

m

p

l

i

t

u

d

e

4-bit OOK in one OFDM symbol


image11.emf
480 500 520 540 560 580 600

Frequency domain sample

0

1

2

3

4

5

6

7

A

m

p

l

i

t

u

d

e

Amplitude Frequency Response (AFR)


image12.emf
0 200 400 600 800 1000 1200

Time domain sample

0.1

0.15

0.2

0.25

0.3

0.35

0.4

A

m

p

l

i

t

u

d

e

4-bit OOK in one OFDM symbol


image13.emf
480 500 520 540 560 580 600

Frequency domain sample

0

1

2

3

4

5

6

7

A

m

p

l

i

t

u

d

e

Amplitude Frequency Response (AFR)


image14.emf
480 500 520 540 560 580 600

Frequency domain sample

0

1

2

3

4

5

6

7

A

m

p

l

i

t

u

d

e

Amplitude Frequency Response (AFR)


image15.emf
480 500 520 540 560 580 600

Frequency domain sample

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

A

m

p

l

i

t

u

d

e

Amplitude Frequency Response (AFR)


image16.emf
0 200 400 600 800 1000 1200

Time domain sample

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

A

m

p

l

i

t

u

d

e

4-bit OOK in one OFDM symbol


image17.emf
0 200 400 600 800 1000 1200

Time domain sample

0

0.1

0.2

0.3

0.4

0.5

0.6

A

m

p

l

i

t

u

d

e

4-bit OOK in one OFDM symbol


image18.emf
Allocated Bandwidth

R


Microsoft_Visio___3.vsdx
Allocated Bandwidth
R



image19.emf
Segment 1

Segment 2

ĂĂ

Segment X

R

R

R


Microsoft_Visio___4.vsdx
Segment 1
Segment 2
……
Segment X
R
R
R



image20.emf
Segment 1

ĂĂ

R/X

Segment 2

R/X

Segment X

R/X


Microsoft_Visio___5.vsdx
Segment 1
……
R/X
Segment 2
R/X
Segment X
R/X



image21.emf
ĂĂ

Segment 1 Segment 2 Segment X

R


Microsoft_Visio___6.vsdx

……
Segment 1
Segment 2
Segment X
R



image22.emf

image23.emf
-4 -3 -2 -1 0 1 2 3 4 5

Frequency (MHz)

100

200

300

400

500

600

P

o

w

e

r

Power Spectrum

LS-square optimization

central part repetition


image24.emf
-4 -2 0 2 4 6 8 10 12

SNR/dB

10

-4

10

-3

10

-2

10

-1

10

0

B

L

E

R

Performance of proposed central part repetition scheme 

28kbps

56kbps

112kbps


image25.emf
-10 -5 0 5 10 15 20

SNR/dB

10

-3

10

-2

10

-1

10

0

B

L

E

R

Different option OOK-4 methods for 12RB bandwidth LP-WUS with 28kbps

LS-square optimization

2-len sequence (alternative 1 and -1)

whole length ZC sequence

central part repetition


image26.emf
Legacy NR Legacy NR

0 0

0 0 0 0 0

WUS signal

OFDM modulation 1

0 0 0 0 0

OFDM modulation 2


Microsoft_Visio___7.vsdx

Legacy NR
Legacy NR
0
0

0
0
0
0
0
WUS signal
OFDM modulation 1
0
0
0
0
0
OFDM modulation 2



image27.emf
LP-SS1

LP-SS2

potential

LP-WUS

time

T

1

T

2

One period

Accurate 

timing 


Microsoft_Visio___8.vsdx
LP-SS1
LP-SS2
potentialLP-WUS
time
T1
T2
One period
Accurate timing



image28.png
N-1 N-1 .

T = Z b, Z bew F - Z b~ LDk

k=0 k=0 =0




image29.png
1w (ketiB) Nkt bow®
LGt (i) | pu(end)

(kerifi+nN=1) = (N=D)(ketifi+N=1) |lpy NV =D(ketisy)

kotify+N—1
k=ko+i§ L. (ki)
(k= (ke+i§))

—2(k—(ke+i8))

b (ki Q)W

‘ save

b (ke+i @)W

—(R=1)(k—(ke+i &)

n(k—(kf:z%;)_

i

kil

itk

‘ discard

ketify +'V L —(N=1)(k=(ke+i %)),





image30.png
1 ketif+N—1 ketif+N-1 ketif+N-1

—(k—(ke+i
Tmani= 75 3 b (ksit): 3 bk—(kc+z%)w( (ketizs)) ...

coti k=ke+if





image31.png
map,0’

xr

T

map,1> "’

’ 7‘73%(1 .
pvQ_1i|




