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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In this contribution, further considerations on modulation schemes are discussed and corresponding link level evaluations are provided. Functionality and procedures for IDLE and INACTIVE mode are studied as well as further considerations for CONNECTED mode.
[bookmark: _Ref129681832]Signal design of LP-WUS	
Further details on modulation
[bookmark: _Ref134431654]Waveform generation 
OOK modulation 
Four options of OOK generation methods were agree in RAN1#112, i.e. OOK-1/2/3/4. Further details are studies in this subsection.
Waveform generation
For OOK-1 option, a sequence   in frequency domain can be obtained based on the time domain signal  by K-point FFT, where K equals to the IFFT size of CP-OFDM. A sequence   is truncated from K-points  to satisfy the bandwidth restriction of LP-WUS, which is mapped to the N REs of LP-WUS. The sequence y’ could be pre-stored by gNB to produce the target waveform. 
If OOK-4 option is used, the “signal generation and modification” module is used to determine the final shape of waveform of OOK symbols. As shown by the figure of Option-OOK-4 in the agreement, the DFT size is N’ and therefore the time domain sequence for each OOK ON symbol is a N’/M length sequence (assuming OFF symbol corresponds to all zero-value sequence). 
The generation of OOK-2 is a simple frequency extension of OOK-1. Therefore, we shall not provide too much further discussion on OOK-2 herein.
Rectangular OOK waveform
The OOK receiver estimates the energy within an OOK symbol to demodulate the symbol, therefore a straight forward waveform design is to target a close-to-rectangular waveform, x’, as shown in Figure 1.
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[bookmark: _Ref130917584]Figure 1:  Rectangular-based OOK waveform design
For OOK-1, the K-point FFT of an ideal rectangular time-domain sequence, obtained by an all-ones sequence, can be prestored by gNB.
For OOK-4, [4] provides a method to obtain the time domain signal x’ minimizing the least square error from x, given the WUS bandwidth constraint. A similar rectangular shape waveform x’ can also be obtained with DFT-s-OFDM as shown in Figure 1. 
ZC-sequence based OOK waveform
The close-to-rectangular waveform looks good in the time-domain for energy detection, however the corresponding frequency domain power distribution has most of its power concentrated in a very narrow bandwidth. As a result, the performance of the close-to-rectangular OOK waveform degrades a lot under fading channel due to frequency-selective fading. 
ZC sequence can be another choice, which also has constant-envelope in the time domain, and a more evenly distributed power over the occupied bandwidth for better performance under fading channel.  An example of ZC-based OOK waveform is shown in Figure 2. 
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[bookmark: _Ref130917606]Figure 2 ZC-based OOK waveform design
For OOK-1, if the target ZC sequence is with length X, the K-points FFT of the ZC sequence can be obtained and truncated to N samples, which is prestored and used as the inputs for OOK-1, where X can be the number of samples per OOK symbol assuming the receiver sampling rate and K is the number of the IFFT of the transmitter. 
If OOK-4 is used, the length of the ZC sequence should be N’/M to match the OOK ON symbol length.
Necessary spectrum adjustment for compatibility with CP-OFDM generation
In Section 5.3.1 of [11], 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 [11], 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 envelope detection of OOK 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 OOK to the DC component of the output OOK, and so for the output OOK signal to be a proper interpolation of the input OOK signal; otherwise it is not. In other words, spectrum shifting changes the signal’s envelope and thus OOK detection performance. For example, when using all-ones sequence as input, spectrum shifting needs to be added on top of the legacy DFT-s-OFDM modulation to obtain the rectangular-shape OOK of Figure 1, otherwise the energy split between ON and OFF segments is not as good and detection performance is degraded.
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 LR. Otherwise, the DC of LP-WUS is 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 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. In Figure 1, the spectrum shifting effect needed to obtain a rectangular-shaped waveform was implemented by applying this alternating +1 and -1 cover sequence at the input.
Concentrated OOK waveform 
As shown in simulation results (see Section 2.1.2), the performance of OOK-4 is relatively sensitive to the timing error. Improving the robustness of OOK modulation against timing error is desirable for better performance. In RAN1#112bis-e, an agreement was also made to further study methods with respect to ‘improving robustness to timing error’. For example, if the OOK waveform has ON symbols with slightly more concentrated energy around their centers, the impact of timing error would be greatly reduced. We refer to this type of waveform design as “concentrated OOK waveform” in this contribution, and will provide corresponding evaluations. An example is illustrated as following.
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[bookmark: _Ref131502776][bookmark: _Ref131284322]Figure 3 Illustration of concentrated OOK waveform providing robustness against ISI and timing error among OOK symbols
Meanwhile, the multi-path delay may cause some inter-symbol interference, especially for OOK-4 considering there is no explicit CP between neighboring OOK pulses/segments/symbols within the same CP-OFDM symbol. The concentrated waveform of OOK symbol could minimize the ISI issue considering less energy of the delayed signal is likely to fall into the detection window of the next OOK symbol. 
A concentrated waveform opens the possibility for two types of improvements. If the receiver detection window duration is matching the original OOK symbol duration, then the concentrated waveform can bring time robustness. Alternatively, if the detection window at the receiver can be adjusted shorter, then the same signal energy can be collected with less noise resulting in an increased received SNR which will improve the link performance. 
One example of concentrated waveform could be produced by using a shorter sequence with some guard time with zero values as the sequence of OOK-4.
[bookmark: _Ref131175624]FSK modulation
Complexity and frequency domain dynamic range
In RAN1#112, two options of FSK generation methods were agreed, i.e. FSK-1/2. The maximal supported data rate and number of frequency segements needed for each of the two options are shown in Table 1. The exact values of M that need to be supported depends on the required data rate for a UE, which can be studied further.
[bookmark: _Ref130905832]Table 1 Frequency segment number required
	M
	1
	2
	3
	4

	Maximal supported data rate when SCS=30kHz
	28 kbps
	56 kbps
	84 kbps
	112 kbps

	Number of segements for Option FSK-1
	2
	4
	6
	8

	Number of segements for Option FSK-2
	2
	4
	8
	16


For the case of M=1, the two options are exactly the same, both require 2 segments to transmit 1 bit/symbol. If using receiver structure of parallel evelope detectors, two parallel branches are needed. For both options, the activated segment can has around 3dB power boosting without affect the total transmission power per OFDM symbol, since one of two frequecy segments is activated at a time.
For the case of M=2, both options uses 4 segments to transmit 2 bit/symbol. For FSK-1, the 4 segments are divided into M=2 segment pairs. To transmit 2 bit, each bit is conveyed using one of the pairs, therefore two segments are activated. Meanwhile for FSK-2, one segment of the four is activated. When parallel evelope detectors is used, both options need four parallel branches. Around 3dB power boosting can be applied to activated segments for FSK-1, while around 6dB power boosting can be used to activated segment for FSK-2.
For the cases of , segment number required is larger than four. Note that large number of segments may incease the receiver complexity accordingly. It is therefore reasonable to keep M from being too high for FSK. This can be decided after the supported data rate is agreed upon.
If it turns out that M>2 needs to be supported, Option FSK-1 requires 2M branches while direct application of Option FSK-2 results in drastic increment in receiver complexity, as the number of segments grows exponentially with M. FSK-1 can has around 3dB power boosting on the activated frequency segments. For FSK-2,  power boosting can be applied to the actiaved segment in theory. But the feasiblity is in question as it leads to high frequency domain dynamic range. 
Therefore it is suggested that for M>2, FSK-2 can be decompose into parallel channels, each channel uses FSK with M=1 or 2. For example, M=3 can be decomposed into a 2-bit MC-FSK and a 1-bit MC-FSK, which requires 6 segments in total. M=4 can be decomposed into two 2-bit MC-FSK, which requires 8 segments in total. By this approach, the required segments number is the same as Option FSK-1. Indeed, Option FSK-1 can be considered as decomposition into parallel channels with 1-bit MC-FSK.
Observation 1: [bookmark: _Hlk131703729]For the two options for FSK signal generation, the following observations are made
· For M=1, option FSK-1 and option FSK-2 are the same
· For M=2, option FSK-2 outperforms FSK-1 due to higher power boosting
· For M>2,
· The segments required for option FSK-1 grows linearly with M.
· For option FSK-2, the segments required grows exponentially with M. In this case, it is suggested to decompose the transmission into parallel channels with M=1 or M=2. With this method, segments required are the same as option FSK-1.
Waveform generation for FSK
To generate the signal for the activated segments, a sequence can be mapped to the set of contiguous subcarrier of the segment. Ideally, the generated time domain signal should have flat envelope or low PAPR. The existing sequence design such as Zaddoff-Chu may be reused. Such sequence can also be exhaustively computer searched.
[bookmark: _Ref131703507][bookmark: _Ref130401308]Sequence modulation 
Information bits within each OFDM symbol can be conveyed by using the corresponding sequence from multiple different sequences, and frequency response of the corresponding sequence is mapped on OFDM subcarriers in frequency domain, which is modulated by CP-OFDM. Different sequences can be generated by using cycling shifts in time domain with same root or to be different ZC sequences using different roots. As an example, if the expected data rate is 56kbps, two information bits can be conveyed within each symbol. Table 3 below shows an example on how to map the information bits to the corresponding sequence. Furthermore,  illustrates the waveform generation based on sequence modulation, where four sequences are used to modulate 2-bits within each OFDM symbol. However, the suitable number of sequences that need to be applied depends on the required data rate and the target coverage for a UE. As illustrated in Figure 4, difference sequences or the same sequence with difference cyclic shifts can be pre-stored and mapped directly on OFDM subcarriers of LP-WUS signal. 

Table 3 Mapping information bits to the selected sequence
	Information bit
	Selected sequence

	00
	A sequence with the 1st cyclic shift in time domain 

	01
	A sequence with the 2nd cyclic shift in time domain

	10
	A sequence with the 3rd cyclic shift in time domain

	11
	A sequence with the 4th cyclic shift in time domain
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[bookmark: _Ref142398339]Figure 4 An example of sequence modulation
When processing the received sequence, correlation detection can be applied. As discussed in our companion paper [6], correlation detection can be achieved with similar receiver architectures as envelope detection, e.g. IF or zero-IF based receiver architecture. When the sliding window size is small, the power consumption is still much smaller than that of deep sleep power consumption. By utilizing the zero/low-IF architecture-based correlation detection receiver, it enables the detection of sequences with good correlation property, e.g. the ZC sequences which have been used for legacy channel in NR. The detection of the corresponding sequence can be realized by a correlator, where a time domain correlation between the local sequence and the received sequence is performed within a sliding time window. The sliding window could be controlled with a small size to keep low power considering timing error/frequency error can be corrected periodically with the help of synchronization signal. 
OOK and FSK may suffer from noise and inter-cell interference due to envelope-based detection, considering the energy from the serving cell, neighbor cells, and noise cannot be distinguished by envelope detection. When utilizing sequences with a good correlation property, e.g. ZC sequences with different cyclic shifts, the interference, including the inter-cell interference and the interference from the in-band neighboring NR legacy signal, can be reduced by correlation detection in the low-power wake-up receiver. 
Observation 2: Sequence modulation can carry information via different sequences (e.g., based on cyclic shifts) within each symbol for LP-WUS.
Observation 3: Sequence modulation can be more robust to interference and noise by modulating with sequences having good correlation properties, e.g., ZC sequences.

Further consideration on modulation 
In RAN1#112, it was agreed to further study how to generate segment in time domain for FSK [1]. If the time domain waveform for FSK is generated by the method of OOK-4, is can be regarded as a joint modulation of OOK and FSK. One example is shown in Figure 5, where 2 bits can be carried by one OFDM symbol. The first bit is represented by the frequency location f0 or f1, i.e. in a FSK way. The second bit is represented by the time domain waveform ON-OFF or OFF-ON, where Manchester coding in time domain is assumed. The mapping from information bits to time domain waveform and frequency location is summarized in Table 2. By using this joint modulation, gNB can flexibly configure the time domain waveform and the number of frequency locations, which enable a flexible modulation in both time and frequency domain. If gNB configure a single segment in time domain and multiple segments in frequency domain, then it fallbacks to normal FSK-2; if gNB configures a single segment frequency domain and multiple segments in time domain, then it fallbacks to normal OOK-4.
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[bookmark: _Ref130400370]Figure 5 Example of joint modulation of OOK and FSK.
[bookmark: _Ref130401126]Table 2 Mapping from information bits to time domain waveform and frequency location for Figure 5
	Information bit
	Time domain waveform
	Frequency domain position

	00
	ON-OFF
	f1

	01
	OFF-ON
	f1

	10
	ON-OFF
	f0

	11
	OFF-ON
	f0


Compared with OOK-4, it has longer symbol duration which makes it more robust to timing error. And compared with FSK-2, its frequency segment is wider which provides more frequency diversity gain. 
Observation 4: A joint modulation of OOK-4 and FSK-2 can be more robust to timing error than OOK-4 due to its longer symbol duration.
Observation 5: A joint modulation of OOK-4 and FSK-2 can have better frequency diversity than FSK-2.
It is agreed in RAN1#112bis-e that OOK-2 can be received using the agreed receiver architectures for OOK with parallel envelope detection [2]. This parallel receiver architecture can also be used by the joint modulation to enable both OOK and FSK.
Observation 6: The parallel receiver architecture can be used by the joint modulation to enable both OOK and FSK.
Proposal 1: Study joint modulation of OOK and FSK by e.g. multiple segments in time domain for FSK.

As observed in RAN1#113, if OOK and/or FSK modulation’s sequence(s) can be pre-defined and known by UE, the detection performance can be improved. Similarly, as we analyzed for sequence modulation, if the sequence of OOK/FSK signal is known, OOK and FSK can be made more robust with respect to interference and noise by modulating with sequences having good correlation properties
Meanwhile, if UEs prefer to use envelope detection, the same OOK/FSK signal can be still demodulated by the envelope detection-based receiver. This gives more flexibility on UE implementation. 

	Agreement
· For waveform generation the following observations are made
· Flat spectrum in frequency domain provides robustness against frequency selective fading compared to concentrated energy in frequency domain.
· for OOK-4, sequence before DFT/LS with variation in phase via such as ZC, M-sequence or QAM sequence can achieve more flattened spectrum.
· Sequences(s) used in LP-WUS symbol generation with different pulse shape or spectral shape may have different performance. 
· Knowledge of sequence(s) used in LP-WUS waveform generation may improve performance for at least a receiver with I/Q branches



Observation 7: OOK and FSK detection can be made more robust with respect to interference and noise by modulating with sequences having good correlation properties. Sequences suitable for existing gNB transmitter, such as ZC sequences, have such properties.
Observation 8: For sequence on top of OOK/FSK modulation-based LP-WUS, UE has the flexibility to use sequence-based detection or use envelope detection-based receiver, depending on device types.
In RAN1#113, it is agreed that the receiver architectures for OFDMA-based signals/channels can be used for OOK/ASK and FSK modulated LP-WUS. An example of diagram for corresponding LP-WUS waveform generation can be found in Figure 6. To enable sequence detection on the OOK signal, the sequences are used to generate the OOK waveform (e.g. the time domain bit sequence in Figure 6) should be pre-configured or informed to UE, then LP-WUR with time domain correlator in baseband can detect the OOK/FSK ON signal by correlation processing. Performance of sequence detection on the top of OOK-4 is provided in section 2.1.2.4.
Furthermore, for OOK-4/FSK based LP-WUS, each OOK ON symbol or FSK symbol can also be generated via different sequences (e.g., based on cyclic shifts) in order to increase the date rate. An example is illustrated in Figure 6, where four sequences are used to modulate 2-bits within each OFDM symbol.
Proposal 2: Study modulation suitable for sequence detection on the top of OOK/FSK modulation.


[image: ]
[bookmark: _Ref142057502]Figure 6 An example of waveform generation suitable for sequence on top of OOK-4 signal

[bookmark: _Ref141518040][bookmark: _Ref141517160][bookmark: _Ref141538299]Link level simulations
[bookmark: _Ref141690454]Cross-waveform comparation
The following guidance was captured in RAN1 #113 meeting minutes [3]. In this section we provide cross-waveform comparisons and corresponding analysis.
	For companies to consider for providing evaluation results
Focus on the following waveform comparisons:
· cross-waveform-comparison
· OOK-1 M=1 and OOK-4 M=1 (may not need to be simulated, difference can be only in frequency domain sequence used)
· OOK-1 with M x higher SCS than NR, and OOK-4 M
· M=2,4
· OOK-4 M=2 and OOK-2 M=2
· OOK-3 M=1 and OOK-1 M=1 
· OOK-1 and OOK-2 M=2 with further reduced coderate/increased sequence length
· OOK-1 and OOK-4 M=2 with further reduced coderate/increased sequence length
· FSK1/2 M=1 (1bit per OFDMA symbol) and OOK-1 M=2
· FSK1/2 M=2 (2bits per OFDMA symbol) and OOK-2 M=4
· FSK1/2 M=2 (2bits per OFDMA symbol) and OOK-4 M=4 
· OFDMA and other waveforms with roughly matching T-F resources
· Note: Above cases should result in same length of LP-WUS in OFDMA symbols and BW for both compared waveforms 
· Manchester coding 1/2 is applied to OOK for at least encoded bits (payload).
· At least time and frequency impairments should be included. 
· residual time offset 0, 1, 2 and 4 us
· residual frequency offset 0, 1, 2, 5 and 10 
· optional 50, 100 ppm 
· showing tolerance higher than above values is not precluded  
· If further improvement of the signal generation for the agreed waveforms is applied, companies are to provide relevant details
· For evaluation of LP-SS accuracy, assume SNR at [-3dB] and LP-WUR noise figure should be reported



Unless stated otherwise, the resource configurations for all OOK/FSK options are illustrated in Figure 7 when SCS of LP-WUS is 30kHz. All options occupy signal bandwidth of 12 RB, with guard bands of 1RB on each side.
For OOK-1, Manchester code is used. The maximal data rate is 14 kbps for 30kHz SCS. We also provide evaluations for OOK-1 with higher SCS, and thus higher maximal data rate. Power pooling across OFDM symbols are not considered. 
For OOK-2, the signal bandwidth is divided into two or four segments. Between neighbor pair of segments, four subcarriers are reserved for protection. Manchester code is used. The maximal data rate is 28 or 56 kbps, but transmission with repetitions are also considered. Power pooling across OFDM symbols are not considered.
For OOK-4, one OFDM symbol, excluding CP, is divided into four segments in time domain. Manchester code is used. The maximal data rate is 56 kbps, but transmission with repetitions are also considered. No power pooling is used, yet the energy will be concentrated on the ON symbols by design. Therefore, approximately 3dB power boosting is achieved for ON symbols.
For both FSK-1 and FSK-2, the signal bandwidth is divided into four segments. Between neighbor pair of segments, four subcarriers are reserved for protection. The maximal data rate is 56 kbps, but transmission with repetitions are also considered. Power pooling within an OFDM symbol is assumed, the total transmission power per OFDM symbol is not changed. Therefore, for FSK-2 M=2, approximately 6dB power boosting is achieved for activated segment.
It is crucial note that, OOK-1 and OOK-2 involves Manchester coding over consecutive OFDM symbols, and power pooling across OFDM symbols are not considered. Therefore, if there is a limitation on transmit power for LPWUS per OFDM symbol, OOK-1 and OOK-2 can only achieve SNR level that is 3dB lower than other options. For example, OOK-1 has half of the OFDM symbols in OFF state, and the averaged transmit power, which is used for SNR calculation, is half of the transmit power of ON symbols.
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[bookmark: _Ref134198029]Figure 7 Bandwidth configurations for different options 
· OOK-1 with M x higher SCS than NR, and OOK-4 M (M=2,4)
Both OOK-1 with higher SCS and OOK4 shorten the symbol in the time domain to support higher symbol rate. 
OOK-1 with 60kHz SCS are compared with OOK-4 M=2 as shown in Figure 8(a-b). OOK-1 with 120kHz SCS are compared with OOK-4 M=4 as shown in Figure 8(c-d). OOK-1 (60kHz SCS) also uses bandwidth of 4.32MHz, the maximal data rate is 28 kbps, the same as OOK-4 (M=2).
Similarly, OOK-1 (120kHz SCS) are compared with OOK-4 (M=4) as shown in Figure 8(c-d). OOK-1 (120kHz SCS) also uses bandwidth of 4.32MHz, the maximal data rate is 56 kbps, the same as OOK-4 (M=4).
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[bookmark: _Ref141454529][bookmark: _Ref141454525]Figure 8 Comparison: OOK-1 with M x higher SCS than NR, and OOK-4 (M=2,4)
Observation 9: Compare OOK-1 (with M x higher SCS than NR), and OOK-4 (M=2,4)
· When no frequency/timing error, OOK-1 with 60kHz SCS has similar performance as OOK-4 with M=2; OOK-1 with 120kHz SCS has similar performance as OOK-4 with M=4
· For OOK-1 with 60kHz SCS, timing error of  cause performance losses of 0.4, 0.9 and 2.8 dB. For OOK-4 M=2, timing error of  cause performance losses of 0.9, 1.5 and 3.6 dB. The impacts are more evident on OOK-4 M=2. (since OOK1-60kHz has longer symbol duration with CP)
· For OOK-1 with 120kHz SCS, timing error of  cause performance losses of 1 and 3.2 dB. Timing error of  cause error floor. For OOK-4 M=4, timing error of  cause performance losses of 1.4 and 4.7 dB. Timing error of  cause error floor. The impacts are more evident on OOK-4 M=4. (since OOK1-120kHz has longer symbol duration with CP). 
· The impacts from timing error are more serious to OOK1 with 120kHz than to OOK-1 with 60kHz, because symbol duration is further reduced. For the same reason, the impacts from timing error are more serious to OOK4-M4 than to OOK4-M2.
· Both OOK-1 with 60kHz/120kHz SCS and OOK-4 M=2/4 are insensitive to frequency error up to 10ppm.


· OOK-4 M=2 and OOK-2 M=2
OOK-4 M=2 support maximal data rate of 28 kbps by dividing each OFDM symbol into to two time-domain segments. OOK-2 M=2 support the same data rate by dividing spectrum into two frequency domain segments.
The evaluation results are provided in Figure 9. The following observations are made.
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[bookmark: _Ref141455580]Figure 9 Comparison: OOK-4 M=2 and OOK-2 M=2
Observation 10: Comparison of OOK-4 M=2 and OOK-2 M=2
· When no frequency/timing error, OOK-4 M=2 outperforms OOK2M2 by 1.8dB. This can be explained as follows. OOK4 symbol bandwidth is twice as wide as OOK2, therefore harvest higher frequency diversity. OOK2 symbol length is twice as long as OOK4, therefore harvest higher time diversity. Since low mobility is assumed, frequency diversity outweighs time diversity.
· For OOK-2 M=2, timing error of  cause performance losses of 0, 0 and 0.5 dB. For OOK-4 M=2, timing error of  cause performance losses of 0.9, 1.5 and 3.6 dB. OOK-2 M=2 is more robust to timing error, since the symbol duration is twice as long as OOK-4 (M=2).
· Both OOK2 M=2 and OOK4 M=2 are insensitive to frequency error up to 10 ppm

· OOK-1 and OOK-2 M=2/4 with further reduced code rate
In this evaluation, OOK-1 is transmitted using 30kHz SCS, with Manchester coding. The maximal data rate is 14kbps. For OOK-2 M=2, two repetitions are sent to align the data rate with OOK-1. Similarly, for OOK-2 M=4, four repetitions are sent. 
Note for OOK-2, frequency diversity is exploited via transmit repetitions, i.e., the same data is transmitted over different frequency segment for different repetition. This is demonstrated in Figure 10. Here  is a 48bit LPWUS packet transmitted using OOK-2 with M=4. For each repetition, the same bit is mapped to a different frequency segment. For example,  is transmitted over segment  for repetition 0, 1, 2, 3. Therefore, the repetition doesn’t only provide combination gain, but also frequency diversity gain.
[image: ]
[bookmark: _Ref141457956]Figure 10 Illustration on mapping of bits to frequency segments for OOK-2 M=4 with repetitions
The evaluation results are provided in Figure 11.

[image: ]
[bookmark: _Ref141456642]Figure 11 Comparison: OOK-1 and OOK-2 M=2/4 with further reduced code rate
Observation 11: Comparison of OOK-1 and OOK-2 M=2/4 with further reduced code rate
· When no frequency/timing error, OOK-2 M=2 with two repetitions slightly outperforms OOK-1 by 0.6dB, and OOK-2 M=4 with four repetitions slightly outperforms OOK-1 by 0.9dB. This can be explained as follows. From frequency diversity perspective, both methods allow information bit to be transmit over all bandwidth therefore has similar frequency diversity. From time diversity perspective, OOK-2 with repetitions has certain advantage as each bit is transmitted over repetitions with large time domain separation. Both schemes are insensitive to timing error up to 4 us, since the symbol length is relatively long, i.e. around .
· Both schemes are insensitive to frequency error up to 10ppm.

· OOK-1 and OOK-4 M=2/4 with further reduced coderate
In this evaluation, OOK-1 is transmitted using 30kHz SCS, with Manchester coding. The maximal data rate is 14kbps. For OOK-4 M=2, two repetitions are sent to align the data rate with OOK-1. Similarly, OOK-4 M=4, four repetitions are sent.
The evaluation results are provided in Figure 12.
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[bookmark: _Ref141458645]Figure 12 OOK-1 and OOK-4 M=2/4 with further reduced coderate
Observation 12: Comparison of OOK-1 and OOK-4 M=2/4 with further reduced coderate
· When no frequency/timing error, OOK-1 slightly outperforms OOK-4 M=2 with x2 repetitions by 0.3 dB. Similarly, OOK-1 slightly outperforms OOK-4 M=4 with x4 repetitions by 0.6dB. This could due to the fact that OOK-4 has some leakage between ON/OFF symbols causing inter-symbol interference, as shown in Figure 2.
· For OOK-4 M=2 with x2 repetitions, timing error of  cause performance loss of 0.8, 1.3 and 3.5 dB. For OOK-4 M=4 with x4 repetitions, timing error of  cause performance loss of 1.3 and 4.1 dB. Meanwhile OOK-1 is insensitive to timing error up to 4us. OOK1 is more robust to timing error because the symbol duration is M times as long as OOK-4.
· Both schemes are insensitive to frequency error up to 10ppm. 
· OOK-1 and FSK-2 M=2bit/OS with further reduced coderate
In this evaluation, OOK-1 is transmitted using 30kHz SCS, with Manchester coding. The maximal data rate is 14kbps. For FSK-2 M=2 (bit/OS), four repetitions are sent to align the data rate with OOK-1. Note when combined with transmission repetition, FSK segment activation mapping can be improved to harvest higher frequency diversity, as demonstrated in Figure 13. For each repetition, the same bit-pair is mapped to different activated frequency segment. So with four repetitions, all four frequency segments are activated to carry the same bit-pair. After receiver side combination, higher frequency diversity gain can be achieved. 
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[bookmark: _Ref141521983]Figure 13 FSK segment activation mapping for TX repetition
The evaluations are provided in Figure 12.
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Figure 14 Comparison: OOK-1 and FSK-2 M=2bit/OS with 4 repetitions
Observation 13: Comparison of OOK-1 and FSK-2 M=2bit/OS with 4 repetitions
· When no frequency/timing error, FSK-2 M=2bit/OS with x4 repetition outperforms OOK-1 by 3.5 dB. It can be explained as follow. From power pooling perspective, FSK-2 has 6dB power boosting in the activated frequency segment. For, OOK-1 SNR calculation, signal power is average of ON and OFF symbols which equivalent to 3dB offset. Therefore FSK-2 has 3dB advantage from power pooling. From frequency diversity perspective, both schemes have similar diversity gain. From time diversity perspective, FSK-2 has higher time diversity, as 4 repetitions are sent with intervals of 24 OFDM symbols.
· Both OOK1 and FSK-2 M=2 with x4 repetition are insensitive to timing error up to  and frequency error up to 10ppm

· FSK-2 M=2bits/OS and OOK-2 M=4
FSK-2 M=2 support maximal data rate of 56 kbps by dividing bandwidth into four frequency domain segments. OOK-2 M=4 support the same data rate and also divide bandwidth into four segments. The evaluations are provided in Figure 15.
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[bookmark: _Ref141524294]Figure 15 Comparison: FSK2 M=2bits/OS and OOK-2 M=4
Observation 14: Comparison of FSK-2 M=2bits/OS and OOK-2 M=4
· When no frequency/timing error, FSK-2 M=2bits/OS outperforms OOK-2 M=4 by 2.8dB. The roughly 3dB performance gap can be explained as FSK-2 M=2bits/OS has 6dB power boosting while for OOK-2 M=4 SNR calculate, signal power is average of ON/OFF symbols and is equivalent 3dB offset. Both schemes have similar frequency/time diversity.
· Both schemes are insensitive to timing error up to .
Both schemes are insensitive to frequency error up to 10ppm.
· FSK-2 M=2bits/OS and OOK-4 M=4
Both FSK2 (M=2) and OOK4 (M=4) support maximal data rate of 56 kbps.
The impacts of timing error are further evaluated under channel model of TDL-C 1000ns. Also, we evaluated concentrated OOK-4 waveforms which is introduced by Figure 3.
The evaluations are provided in Figure 16.
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[bookmark: _Ref141525298]Figure 16 Comparison: FSK2 M=2bits/OS and OOK-4 M=4
Observation 15: Comparison of FSK-2 M=2bits/OS and OOK-4 M=4
· When no frequency/timing error, for TDL-C 300ns, OOK-4 M=4 outperforms FSK-2 M=2bits/OS by 1.2dB. This can be explained as follow. From frequency diversity perspective, bandwidth of OOK-4 M=4 is four time as wide as that of FSK-2 M=2bits/OS and harvest more frequency diversity. From power pooling perspective, OOK-4 M=4 has around 3dB boost for ON symbols by design while FSK-2 M=2bits/OS has 6dB power pooling on the activated segment, so FSK-2 M=2bits/OS has around 3dB advantage over OOK-4. The overall effect is that diversity gain outweighs the power boosting gain so that OOK-4 shows better performance.
· When no frequency/timing error, for TDL-C 1000ns, FSK-2 M=2bits/OS outperforms OOK-4 M=4 by 1.5dB. The results are different compare to the case of TDL-C 300ns. This can be explained as large delay spread reduces coherent bandwidth and therefore improves frequency diversity. FSK-2 M=2bits/OS benefits more from frequency diversity compare to OOK-4 M=4 which already achieve relatively high frequency diversity under TDL-C 300ns. In this case power boosting gain outweighs diversity gain so that FSK-2 M=2bits/OS shows better performance.
· For OOK-4 M=4 under TDL-C 300ns, M=4 timing error of  brings performance loss of 1.4 and 4.7dB and timing error of  causes error floor. When concentrated waveform is used, better robustness against timing error can be achieved, where timing error of  brings performance loss of 0.3 and 2.5dB. Timing error of  cause error floor. Meanwhile FSK-2 M=2bits/OS is insensitive to timing error up to . This is because symbol duration of FSK-2 M=2bits/OS is four times as long as that of OOK-4 M=4, this translates to higher resilience against timing error.
· For OOK-4 M=4 under TDL-C 1000ns, timing error of  brings performance loss of 2.3 and 11.7dB and timing error of  cause error floor. When concentrated waveform is used, better robustness against timing error can be achieved, where timing error of  brings performance loss of 0.7 and 5.3dB. Timing error of  cause error floor. Meanwhile FSK-2 M=2bits/OS is insensitive to timing error up to . This is because symbol duration of FSK-2 M=2bits/OS is four times as long as that of OOK4 M=4, this translates to higher resilience against timing error.
· Both schemes are is insensitive to frequency error up to 10ppm.

· [bookmark: _Hlk142318584]FSK-2 M=2bits/OS with 4 repetition and OOK-4 M=4 with 4 repetition
Both schemes support maximal data rate of 14kbps. The evaluations are provided in Figure 18.
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Figure 17 Comparison: FSK-2 M=2bits/OS with 4 repetition and OOK-4 M=4 with 4 repetition 
Observation 16: Comparison of FSK-2 M=2bits/OS and OOK-4 M=4
· When no frequency/timing error, FSK-2 (M=2 with 4 repetitions) outperforms OOK-4 (M=4 with 4 repetitions) by 4.2dB. This can be explained as follows. From diversity perspective, since FSK-2 with repetitions harvest frequency diversity gain using the method shown in Figure 13, both methods benefit similarly. From power pooling perspective, FSK-2 has 6 dB power boosting on the activated segment while OOK-4 has 3dB power boosting in ON symbols, so FSK-2 has 3dB advantage. OOK-4 also suffers from power leakage between ON/OFF symbols as shown in Figure 2. These explain why FSK-2 show better performance when repetition is used.
· For OOK-4 M=4 with 4 repetitions, timing error of  cause performance loss of 1.3 and 4.1 dB. Timing error of  causes error floor. Meanwhile, FSK-2 M=2 with 4 repetitions is insensitive to timing error up to . This is because symbol duration of FSK-2 is four times as long as that of OOK4 M=4, this translates to higher resilience against timing error.
· Both schemes are insensitive to frequency error up to 10ppm.


Sequence modulation
[bookmark: _Hlk142464390]The performance of sequence modulation is evaluated by link level simulation with the following simulation assumption in Table 8 and Table 9 in the Appendix. In this section, for each 48-bits UE-ID transmitted in 24 symbols, the transmitter transmits the sequence corresponding to the 2-bits on each symbol. The receiver detects the target sequence corresponding to the 2bits of its UE-ID on each symbol.
In Figure 18, simulation results under ideal cases without phase noise and I/Q imbalance are provided under both FAR targets of 0.1% for single attempt and 1500 attempts of continuous monitoring within 1.28s DRX cycle. The simulation evaluated different effective signal bandwidth, i.e. 1.44 MHz (4RB) and 3.6MHz (10RB) with sampling rate: 3.84MHz, and 4.32 MHz (sampling rate: 7.68MHz) with 4 cyclic shifts detection. 
 
[bookmark: _Hlk131077677] [image: ]
[bookmark: _Ref126613258][bookmark: _Ref127554425]Figure 18 Link level performance of modulating LP-WUS signal with sequences under ideal cases
As shown in Figure 18, the performance can be improved by 5 dB with effective signal bandwidth increased by from 4RB to 10RBs. And the 4RB sequence-based detection performance is much better than that of energy detection based OOK.
Some comments were raised with respect to the performance impact due to non-ideal factors, e.g. phase noises and I/Q imbalance, when the discussed LP-WUS architectures are used. The modeling of phase noises can be found in our companion paper [5] and in [7]. 
In this evaluation, we choose power consumption of LO as 120uW and find c=0.24fs to make phase noise equals to minimum phase noise through simulation results. 2RB LP-WUS seems have too large gap compared with the NR legacy channel coverage, therefore, we will focus on the analysis on 4RB and 10RB LP-WUS. As seen in Figure 19(a), when BLER=1%, the performance losses are marginal for 10RB and 4RB, respectively. Therefore, although sequence-based detection performance can be impacted by phase noise, the performance loss is within 1dB since the cyclic shift space between different candidate sequences is relatively large. 
In Figure 19(b), the result shows that the impact of I/Q impact is so marginal that it can be neglected. The reason is that factory calibration has been applied to most hardware, which can also be applied to LP-WUR.
	[bookmark: _Hlk131077810][image: ]
(a)
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[bookmark: _Ref127554841]Figure 19 Link level performance of sequence-based detection considering (a) phase noise and (b) I/Q imbalance
Observation 17: For sequence-based detection, it can be observed that the performance would be degraded by 0.5dB due to the phase noise and I/Q imbalance when 120 uW oscillator is used.
The performance impact due to the frequency error and timing error are also investigated. In the simulation, the ZC sequence with root u value of 1 is simulated. Considering there is a small sliding window for the correlation-based receiver, the timing error in certain range can be handled when the detection window slides. 
The frequency error may also have impact on the detection performance of sequence detection of LP-WUS signal. Therefore, the performance impact due to frequency error can be further investigated. It can be observed within 10ppm frequency error, the performance degradation is about 1dB.
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Figure 20 Link level performance of sequence-based detection considering (a) frequency error with FAR 0.001 per attempt (corresponds to duty cycle mode of one attempt per 1.28s) and (b) timing error with FAR 0.001 per attempt (corresponds to duty cycle mode of one attempt per 1.28s) and (c) impairments for 10RB with FAR 0.001 for 1500 attempts(corresponds to continuous monitoring within 1.28s DRX cycle)
For 4.32MHz (12RB) LP-WUS, similar performance degradation as 10RB LP-WUS due to receiver impairments (e.g. phase noise, I/Q imbalance, frequency error and timing error) can be observed.
Observation 18: Sequence modulation has better coverage performance than energy detection, even if phase noise and I/Q imbalance, frequency error within 10ppm and 1us timing error are considered.
Sequence detection on the top of OOK-4 
In RAN1#113, it is agreed that the receiver architectures for OFDMA-based signals/channels can be used for OOK/ASK and FSK modulated LP-WUS [3]:
	Agreement
For the baseband processing of the LP WUR architectures,
· …
· For the receiver architecture for OFDMA-based signals/channels,
· The receiver architectures for OFDMA-based signals/channels can be used for OOK/ASK and FSK modulated LP-WUS
· For sequence-based OFDM signals/channels, one example diagram with time domain correlator (without FFT) for LP-WUS detection is shown below: 
· [image: A picture containing line, diagram, font, text
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In the following, the performance results of envelope detection and sequence detection for OOK-4 are provided. The OOK-4 signal uses concentrated waveform generated by ZC sequence (with root = 1) in time domain. It is also assumed that one identical sequence is utilized to generate the ‘ON segment’ in each OFDM symbols.
The performance results of sequence detection on the top of OOK-4 without timing error and frequency error are shown in Figure 21, where there is no phase noise and I/Q imbalance, and the sliding window size of sequence detection is 9 samples. For the case where OOK-4 signal is transmitted by a single antenna without repetition, it can be observed that sequence detection can provide about 2dB performance gain than envelope detection. If repetition and transmit diversity can be utilized for gNB and coherent combination is applied for LP-WUR, additional performance gain can be observed by sequence detection.
 [image: ]
[bookmark: _Ref141691495]Figure 21 Link level performance of modulating LP-WUS signal, e.g. OOK/FSK, with sequences under ideal cases
Observation 19: Sequence detection on OOK-4 signal has better performance than envelope detection.
The performance impact due to the frequency error and timing error are shown in Figure 22. 
Time error will lead to the shift for the peak location of correlation. If the peak is shifted to the edge of the sliding window or shifted outside the sliding window, the detection performance will be degraded. As shown in Figure 22(a), when the sliding window size is 9 samples, about 2dB performance loss is observed for 0.5𝜇𝑠 time error. When the sliding window is increased to 20 samples, the performance degradation is about 1.3 dB for 1𝜇𝑠 time error. When the sliding window is increased to 36 samples, the performance degradation is about 1.3 dB for 2𝜇𝑠 time error. Increasing the size of sliding window requires more correlation processing by baseband, thus resulting in higher power consumption. Based on our estimation, the relative power for 20 and 36 samples sliding window are ~0.3 and ~0.5, respectively. The choosing of sliding window size depends on the maximum time error. A small sliding window can be applied if the maximum time error is kept small by e.g. time synchronization processing. 
As shown in Figure 22(b), with proper sequence, selected for LP-WUS generation, as the root value for the ZC-generated OOK-4 signal in Figure 22(b), it can be observed the performance degradation is no more than 1dB for 10, 20 and even 50ppm frequency error.
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[bookmark: _Ref141691788]Figure 22 Link level performance of sequence detection on OOK-4 signal considering (a) timing error and (b) frequency error
Observation 20: For sequence-detection of OOK modulation 
· If the sliding window size is 9 samples, there is 2dB loss for 0.5𝜇𝑠 time error;
· If the sliding window size is 20 samples, there is 1.3dB loss for 1𝜇𝑠 time error;
· If the sliding window size is 36 samples, there is 1.3dB loss for 2𝜇𝑠 time error;
Observation 21: With proper root sequence selection, sequence-detection on OOK modulation is robust against frequency error.
We also evaluated the performance impact of interference. In the evaluation, it is assumed that the OOK-4 signal is transmitted with spatial diversity and time domain repetition (precoder cycling in 4 consecutive OFDM symbols in two transmit antennas), and the power difference between interference and noise is 5dB (as defined in coverage excel sheet for calculating MIL). As the baseline scenario, the interference is assumed to be white interference. In the interference scenario, we assume 1/8 or 1/4 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.
The results are shown in Figure 23, where the x-axis is SINR accounting both the noise power and the interference power. It can be observed that sequence detection is more robust against interference than envelope detection. The performance loss is about 1 and 2.2dB for 1/8 and 1/4 LP-WUS interference respectively for sequence detection, while more than 2.5dB and 5dB performance degradation is observed for envelope detection for the same cases. 
  [image: C:\Users\x00416197\AppData\Roaming\eSpace_Desktop\UserData\x00416197\imagefiles\91112F84-A500-4263-920C-430CAF869D12.png]
[bookmark: _Ref141692921]Figure 23 Link level performance of sequence detection on OOK-4 signal considering interference from neighbor cell
Observation 22: Sequence-detection on OOK modulation is more robust against interference than envelope detection.
Joint modulation of OOK and FSK
The performance of joint modulation of OOK (OOK-4 M=2) and FSK (FSK-2 M=1bit/OS) introduced in Section 2.1.1.3 are shown in . The simulation assumptions can be found in Table 7 in Appendix. 
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Figure 24 Link level performance of joint modulation of OOK and FSK
The results show that with time error <= 2us, there is less than 1dB loss for both 4RB case and 12RB case. With time error = 4us, there is ~3dB loss for 4RB case and ~2dB loss for 12RB case. It is more robust to time error than OOK-4 due to the longer symbol duration.
For 4RB BW, with frequency error <= 20ppm and phase noise, there is less than 0.4dB loss. With frequency error =40ppm and phase noise, there is 1.3dB loss. For 12RB BW, with up to 40ppm frequency error, the loss is within 0.2dB. Therefore, the joint modulation is robust to frequency error.
It is also observed that when the BW of LP-WUS is increased from 4RB to 12RB, the performance can be improved by 7.1dB.
Observation 23:  For the joint modulation of OOK (e.g. OOK-4) and FSK, 
· When BW is 4RB, the performance loss is ~ 1dB and ~3dB for 2us and 4us time error; and 0.4dB and 1.3dB for 20ppm and 40ppm frequency error and phase noise, respectively.
· When BW is 12RB, the performance loss is ~1dB and ~2dB for 2us and 4us time error; and up to ~0.2dB for up to 40ppm frequency error, respectively.

Summary of modulations and further consideration 
Table 3 Summary of cross waveform comparisons
	Cases
	Ideal condition
	Timing error
	Frequency error

	OOK-1 with M x higher SCS than NR, vs OOK-4 M (M=2,4)
	· OOK-1 with M x higher SCS slightly better (longer symbol duration with CP)
	· OOK-1 with 60kHz SCS is sensitive to timing error of and above; OOK1 with 120kHz SCS is sensitive to timing error  and above.
· OOK-4 M=2 is sensitive to timing error of and above; OOK4 M=4 is sensitive to timing error  and above.
· OOK-1 with M x higher SCS slightly outperforms OOK4 M, due to longer symbol duration
	· Both are insensitive to frequency error up to 10ppm

	OOK-4 M=2 vs OOK-2 M=2
	· OOK-4 M=2 outperforms OOK-2 M=2 by 1.8dB (OOK-4 has higher frequency diversity)
	· OOK-2 M=2 is insensitive to timing error up to 
· OOK-4 M=2 is sensitive to timing error of  and above
· OOK-2 M=2 is more robust due to longer symbol duration
	· Both are insensitive to frequency error up to 10 ppm

	OOK-1 vs OOK-2 M=2/4 with x2 / x4 repetition
	· OOK-2 M=2/4 with x2 / x4 repetition outperforms OOK-1 slightly (0.6 dB and 0.9dB, could due to higher time diversity)
	· Both are insensitive to timing errors up to 4us.
	· Both are insensitive to frequency errors up to 10ppm

	OOK-1 vs OOK-4 M=2/4 with x2 / x4 repetition
	· OOK-1 outperforms OOK-4 M=2/4 with x2 / x4 repetition slightly ( 0.3dB and 0.6dB, because OOK-4 has leakage from ON to OFF symbol)
	· OOK-4 M=2 with x2 repetition is sensitive to timing error of 4us and above
· OOK-4 M=4 with x4 repetition is sensitive to timing error of 2us and above
· OOK-1 is insensitive to timing error up to 4us
	· Both are insensitive to frequency errors up to 10ppm

	OOK-1 vs FSK-2 M=4 with x4 repetition
	· FSK2 outperforms by 3.5dB (due to power boosting on the activated segment)
	· Both are insensitive to timing error up to 4us
	· Both are insensitive to frequency error up to 10ppm

	FSK-2 M=2 vs OOK-2 M=4
	· FSK-2 outperforms by 2.8dB (due to power boosting on the activated segment)
	· Both are insensitive to timing error up to 4us
	· Both are insensitive to frequency error up to 10ppm

	FSK-2 M=2 vs OOK-4 M=4
	· For TDL-C 300ns, OOK-4 outperforms by 1.2 dB 
· For TDL-C 1000ns FSK-2 outperforms by 1.5 dB
· FSK-2 has more power boosting while OOK-4 has higher frequency diversity.
	· OOK-4 is sensitive to timing error of 2us (TDL-C 300ns) and 1us (TDL-C 1000ns)
· OOK-4 with concentrate waveform is sensitive to timing error of 2us (TDL-C 300ns) and 2us (TDL-C 1000ns)
· FSK-2 is insensitive to timing error up to 4us
	· Both are insensitive to frequency error up to 10ppm

	FSK-2 (M=2 with x4 repetition) vs OOK-4 (M=2 with x4 repetition)
	· FSK-2 outperforms by 4.2 dB
· Both methods have similar frequency diversity. 
· FSK-2 has higher power boosting in activated segment
· OOK-4 has energy leakage between ON/OFF symbols.
	· OOK-4 M=4 with x4 repetition is sensitive to timing error of 2us and above
· FSK-2 M=2 with x4 repetition is insensitive to timing error up to 4us
	· Both are insensitive to frequency error up to 10ppm

	Sequence detection of top of OOK
	· Sequence detection on top of OOK outperforms by 3.6dB.
· More robust against interference than energy detection
	· If the sliding window size is 9 samples, there is 2dB loss for 0.5𝜇𝑠 time error;
· If the sliding window size is 20 samples, there is 1.3dB loss for 1𝜇𝑠 time error;
· If the sliding window size is 36 samples, there is 1.3dB loss for 2𝜇𝑠 time error;
	· Insensitive to frequency error with proper sequence selection.


· Summary and further consideration for OOK
[bookmark: _Hlk131078068]As can be observed in section 2.1.2, OOK modulation has some advantages: 1) it is insensitive to frequency offset and phase noise, 2) for OOK-1 and OOK-4, the single-channel envelope detection mode can be naturally suitable for LP-WUR power saving.
[bookmark: _Hlk131077987]The time error impacts should also be further considered in the OOK signal generation since time error will degrade the detection performance of OOK and the robustness of anti-time error capability is essential to OOK waveform. For example, concentrated OOK can be considered to improve the robustness to time error.
It is also noted that though OOK-1 with SCS=60/120kHz shows slightly more robustness than OOK-4 with M=2/4, OOK-1 with SCS=60/120kHz requires more complicated gNB implementation. For example, to support transmitting different SCS, more than one IFFT module is needed, which may require new hardware. 
Proposal 3: Capture in TR that OOK-1 with higher SCS than NR is not recommended since it makes gNB implementation more complicated.
· Summary and further consideration for FSK
[bookmark: _Hlk131078683]Three major benefits from FSK are 1) the resilience againstboth time and frequency error, 2) its capability to correct LO frequency/timing error and 3) relaxed requirement on ADC sampling rate.
FSK is robust against timing error due to its relatively long symbol duration. As FSK achieve higher data rate by exploiting frequency domain resources, the time domain symbol duration is kept the same as OFDM symbol. As can be observed from Section 2.1.2.1, timing error up to  has negligible impacts on FSK demodulation performance, when the FSK symbol duration is around s (i.e. OFDM symbol duration for 30kHz SCS). This advantage is more evident for situations that experience large delay spread. This can be observed by comparing Figure 16(a) and Figure 16(b)  . The robustness against timing error allows FSK receiver to perform timing alignment less frequently and therefore reduces power consumption. FSK is also insensitive to frequency error for the evaluated cases, i.e. up to 10 ppm.
Another benefit from FSK is its capability to correct frequency/timing error. Frequency offset correction using FSK receiver is explained extensively in [6]. Once the frequency error is corrected, the timing error is also accumulated at a much lower rate. Therefore, not only are smaller guard bands sufficient, but also the timing error is greatly reduced.
FSK is also more resilient against ADC sampling rate relaxation. This is demonstrated in [12]. Again, this is due to its long symbol duration, and correspondingly, lower symbol rate. Even ADC sampling rate as low as hundreds of kHz provides enough oversampling margin. 
Further enhancement for FSK can be considered to have different time domain waveforms to represent some information. For example, OOK-4 can be considered to be jointly used with FSK.

· [bookmark: _Hlk131078954]Summary and further consideration for sequence-based modulation/detection
[bookmark: _Hlk131079001][bookmark: _Hlk131079046]As can be observed in section 2.1.1.3, this has some advantages: 1) Good coverage performance, considering sequence with good correlation property can have better rejection effect with respect to noises and interference within certain frequency/timing error; 2) By using a complex-valued sequence, it is natural that it is feasible to estimate the frequency error and timing error. 
From the evaluation results, it can be observed that for root u=1 with 10ppm frequency error the performance degradation is small (around 1dB). Considering there is a small sliding window for the correlation-based receiver, the timing error in certain range can be handled when the detection window slides. This is proven by our simulation that 1us timing error shall only cause 0.7dB performance loss. 
Further consideration on the design of LP synchronization signal may be studied for frequency/timing error estimation/correction. 
[bookmark: _Ref126682941]Coverage
[bookmark: _Hlk118541157]In RAN1 #113, the following agreement was made [3]. 
	Agreement
· Study the following techniques/mechanisms to enhance coverage performance of LP-WUS
· low complex channel coding 
· FEC
· spreading code in time domain
· time domain repetition 
· with combining before or after ED
· time-domain interleaving
· Note: Also Manchester coding can be considered as channel code     
· non-contiguous transmission in the frequency domain
· frequency domain repetition 
· frequency-hopping
· power-boosting
· transmit diversity
· study whether any above techniques could be transparent to UE.



Following the guidance, we provide analysis and evaluations as below
· 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.
· Channel coding. 
Channel coding is a more efficient way to improve the spectral efficiency. A more detailed analysis can be found in Section 3.2.
· 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.
In Figure 25 we provide evaluations for OOK-4 M=4, and FSK-2 M=2bit/ OS, where two or four repetitions are applied. Note for FSK-2, each repetition uses different information-activated frequency segment mapping as shown in Figure 13, to improve frequency diversity.
On top of that, transmit diversity is used, where we apply two antenna ports with precoder cycling. Based on the results, 2dB or more performance gain can be observed. 

[image: ]
[bookmark: _Ref141537819]Figure 25 Evaluations on spatial diversity and time domain repetition
Observation 24: For 4x time domain repetition, transmit diversity by precoder cycling with two antenna ports can provide 2dB or more performance gain.
Proposal 4: Time domain repetition and transmit diversity by precoder cycling are considered to improve the performance of LP-WUS.
· Frequency domain diversity. 
To get frequency domain diversity gain, three methods were proposed in RAN1#113.
1) Non-contiguous transmission in the frequency domain, i.e. LP-WUS is mapped to different frequency resources simultaneously. In our understanding, this method will introduce fragmentation of DL resources, which is not friendly to gNB implementation and resource utilization. 
2) Frequency-domain repetition, i.e. LP-WUS is transmitted for multiple times in frequency domain. However, if the total BW of LP-WUS is fixed, we fail to see much difference between frequency-domain repetition with small frequency length and a single transmission with large frequency length.
3) 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. In this case, the resource overhead can be relatively small. As one example, the BW of LP-WUS is hopping, then UE can receive LP-WUS by retuning its LO. As another example, as shown by the reduced coderate case in Section 2.1.2.1, for FSK mapping relationship between bits and frequency segment changes along with time, which can be viewed as a ‘hopping within LP-WUS BW’. 
Proposal 5: Frequency hopping is considered to improve the performance of LP-WUS.
LP-WUS multiplexing 
Since the gNB may need to wake-up multiple UEs, or multiple groups of UEs, LP-WUS multiplexing needs to be supported, and the following methods can be considered, separately or jointly: 
Time Division Multiplexing (TDM): The LP-WUSs are transmitted on the same PRBs but on orthogonal time resources. The benefits include simple demultiplexing of LP-WUSs at the UEs, the applicability to OOK/FSK modulation and to sequence modulation and no need for guard bands among LP-WUSs. 
Frequency Division Multiplexing (FDM): The LP-WUSs are transmitted on the same time resources but on orthogonal PRBs. The benefits are similar as for TDM, although guard bands and multiple RX filters may be needed.  
Code Division Multiplexing (CDM): The LP-WUSs are transmitted on the same time resources and on the same PRBs. CDM is also applicable to sequence modulation and to OOK/FSK modulation, and may be an advantageous channel access method if there are many infrequent low-rate transmissions, e.g., as is expected for LP-WUS. 
For sequence modulation, CDM of LP-WUSs can be performed by letting orthogonal sequences carry modulation symbols, and this approach was used for the WUS in LTE, which is based on OFDM. For OOK/FSK modulation, CDM of LP-WUSs can be performed by operations directly on the bits before the modulator. Suppose  is an  binary matrix  and the  binary vector  contains bits of LP-WUSs of different UEs. For example, the vector  can either contain the bits of the UE IDs (in case of no FEC), or contain FEC encoded bits of the UE IDs. The binary vector  contains the multiplexed bits, which are transmitted by the OOK/FSK modulator. Demultiplexing is performed on the received bits that are output from the demodulator. For orthogonal multiplexing,  should have rank equal to , because then a UE can perfectly demultiplex the bits of its LP-WUS. 
As an example, Figure 26 shows a comparison between CDM and TDM with repetition coding for 2 users, each transmitting a UE ID of 48 bits, i.e.,  and in total  bits are transmitted. It can be observed that TDM is favorable for the larger  and CDM is favorable for the smaller . 
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[bookmark: _Ref126065805]Figure 26. Mis-detection rate after demultiplexing for a UE ID of 48 bits as function of the BER at the demodulator output, for 2 multiplexed users using CDM or TDM, where in total N bits are transmitted.
Proposal 6: For multiplexing of LP-WUSs for different UEs, study at least TDM, FDM, CDM.
Functionality and procedures for IDLE/INACTIVE mode       
Information carried in LP-WUS or LP-SS
[bookmark: _Ref126939332]Paging information
In RAN1 #112bis-e, the following agreement was made.
	Agreement
· For IDLE/INACTIVE mode study at least following candidates for content of LP-WUS
· information on which user(s) is/are targeted by the LP-WUS
· e.g. UE-group, -subgroup or -ID
· FFS: cell information 
· FFS: SI change and ETWS/CMAS information, tracking area information, and RAN area information
· …


For IDLE/INACTIVE mode, when the LP-WUS is targeted to user(s), it can be for paging purpose. In this case, LP-WUS can replace legacy paging by indicating per-UE information, then after MR wakes up UE does not receive legacy paging by MR, but transmits PRACH directly after obtaining synchronization. Or, LP-WUS can be jointly used with legacy paging, e.g. LP-WUS may indicate per-group information like Rel-17 PEI, then after MR wakes up UE still receives legacy paging by MR to see whether it is really paged. 
Proposal 7:  LP-WUS can indicate per-UE information or per-group information for paging.
[bookmark: _Ref117775372]Some evaluation results on power saving gain regarding LP-WUS carrying per-UE or per-group information are provided in our companion paper [5]. It can be observed that there is trade-off between power saving gain/latency and required data rate. Per-UE indication can provide larger power saving gain and smaller latency than per-group indication, but requires higher data rate which may degrade the coverage performance of LP-WUS. 
Observation 25: To indicate paging information by LP-WUS, there is trade-off between power saving gain/latency and required data rate/coverage performance. 
However, currently the per-UE information and per-group information is not defined yet. According to current spec, in IDLE/INACTIVE mode paging is transmitted by network within a tracking area/RAN area, where 5G-S-TMSI, the length of which is 48-bit, is used as the UE ID. UE will perform tracking area/RAN area update procedure when the tracking area/RAN area changes, thus as long as an ID carried by LP-WUS is unique among the UEs within a tracking area/RAN area it can be per-UE indication. A 48-bit UE ID provides a 248≈3*1014 address space, which is highly redundant for paging. Some enhancements to reduce the number of indicating bits can be considered, by which supporting per-UE indication may not lead to large resource overhead. Therefore, before making it clear how many bits are needed to support per-UE information, it is hard to make conclusion whether supporting per-UE indication is impossible, and it is hard to make decision whether only per-group indication can be supported. 
Observation 26: Before making it clear how many bits are needed to support per-UE information, it is hard to make decision whether only per-group indication is supported. 
Proposal 8: Further consider how to indicate paging information to get a good balance between low data rate requirement and low false wakeup rate.
The target data rate of LP-WUS can be set to support the specific functionality. For indicating the paging information, data rate required by legacy NR paging procedures can be taken as the reference. In legacy NR paging, with the densest PO configuration there can be at most 4 POs in a PF, and at most 1 PF per radio frame. Within a PO, there can be up to 32 UE_IDs carried by paging PDSCH, where a UE_ID is 48-bit 5G-S-TMSI. The maximum required data rate for paging is 32*48*4 bit/10ms = 614.4kbps. However, the paging capacity configured by gNB in real deployment is usually lower than the upper bound, and the number of indicating bit can be smaller than 48 bits. According to our observation, the target data rate can be x101~x102 kbps level.
Observation 27: The target data rate for LP-WUS design can be x101~x102 kbps level.

[bookmark: _Ref134112869]Other information 
Since paging is transmitted within a tracking area/RAN area, when UE moves to new tracking area/RAN area, network may not be able to reach the UE. On the other hand, configuration of LP-WUS can be different for different cell. Therefore, it is necessary to let the UE know the tracking area/RAN area/cell change when the UE monitors LP-WUS. One method to solve this issue is to indicate tracking area/RAN area/cell information by LP-WUS. 
Besides, to reduce the latency, SI change and ETWS/CMAS information can also be indicated by LP-WUS.
To reduce the signaling overhead, such kind of information is not necessary to be carried in every LP-WUS for paging. Instead, it can be transmitted with large periodicity, e.g. LP-SS.
Proposal 9: The following information can be indicated by LP-WUS in addition to paging information:
a) Tracking area/RAN area information
b) Cell information
c) SI change and ETWS/CMAS information
[bookmark: _Ref134116071]How to carry the LP-WUS information 
In RAN1#112bis-e, the following agreement was made [2].
	Agreement
· Study further following alternatives to carry the LP-WUS information using: 
· Alt 1: by sequence(s) detection/selection  
· FFS sequence type
· Alt 2: by encoded bits 
· FFS: what type of encoding scheme
· FFS: with or without other bits (e.g. CRC/FCS)
· Other alternatives are not precluded
· Study whether LP-WUS information needs to be preceded by known one or more sequence(s).


For Alt 1, the sequence can be 
· Alt 1a: A long sequence across multiple OFDM symbol, which directly maps to an ID. In this case, the sequence can be either a multiplex-value sequence (for OFDMA based waveform) or a binary-value sequence (for OOK/FSK based waveform).
· Alt 1b: Short sequences where each sequence maps to part of an ID. For example, as introduced in Section 0, each 2-bit of an ID can be mapped to a sequence (with a specific cyclic shift value) within an OFDM symbol.
For Alt 2, channel coding can be used to improve the detection performance of LP-WUS. Due to the stringent requirements on receiver power consumption, it is unrealistic to adopt advanced FEC codes as they typically have high decoding complexity. Nonetheless, LP-WUS transmissions have a much lower data rate compared to the transmissions for the main radio. It means that decoding is performed much less frequently compared to the main radio. Also, the required decoding delay can be relaxed, since it has a marginal contribution to the LP-WUS delay budget. Therefore, it is reasonable to expect that the power consumption of a LP-WUS decoder can be lower than its main radio counterpart by several orders of magnitude. 
FEC with low decoding complexity can be considered for LP-WUS. In order to minimize the impact of FEC on spectral efficiency, we propose to study so-called Identification (ID) codes [8], whose rate can be equal to one, i.e. the encoded bits can be of the same length as the original information bits.
An ID codeword is obtained by 1) first encoding the ID (i.e. the original information bits) of the target UE by a Maximum Distance Separable (MDS) encoder so as to obtain an MDS codeword of a given length of L symbols, where each symbol includes of r bits. 2) Then selecting a certain number N symbols (N<L) of the resulting MDS codeword to which the UE ID is encoded. And 3) finally encoding the selected symbols (i.e. N*r bits) from the codeword by an easily decodable error correction code, e.g. block code, to get the encoded bits.
The above step 1) and step 2) can potentially provide better FAR performance than simply/randomly picking up N*r bits from the original information bits, since the structure of MDS encoder can ensure a good distance between MDS codewords.
At the receiver side, the above procedure can be done in advance to store the encoded bits, then the receiver can simply compare the local encoded bits with the received bit in LP-WUS, and determine whether the main receiver needs to wake up.
Figure 27 below shows the misdetection performance of a rate-1 ID code. The WUS bandwidth corresponds to 4 RBs within a 2.6 GHz NR carrier with 30 kHz subcarrier spacing. The modulation is 1-bit OOK with Manchester coding, thereby producing a data rate of 14 kbits/s. In the legend, t denotes the error correction capability of the hard error correction decoder and N denotes the number of selected MDS codeword symbols, each symbol consisting of 6 bits. 

[bookmark: _Ref141861291][image: ]
Figure 27. Misdetection probability vs. SNR performance. 

Proposal 10: Study methods to extend coverage by block coding.

[bookmark: _Ref134434073]Monitoring behavior of LP-WUS
Slot/occasion for LP-WUS transmission
In RAN1#112, the following agreement was made [1].
	Agreement
Study further pros and cons of the following monitoring behaviors of LP-WUR
· Option1: Duty cycle, corresponds to LP-WUR switches between ON/OFF states 
· Option2: Continuous monitoring, corresponds to LP-WUR is ON all the time 


First, it is important to clarify the understanding of the two options. When LP-WUR monitors LP-WUS, it first receives all the sampling points in a duration of one LP-WUS, then performs demodulation. Therefore, per our understanding, continuous monitoring does not necessarily mean to attempt demodulating LP-WUS at every sampling point. On the other hand, in order to reduce the FAR, attempting demodulating LP-WUS at every sampling point should be avoided. One possible way is to define the slot or occasion for LP-WUS. As shown in Figure 28, if no slot/occasion is defined UE may attempt to demodulate LP-WUS at each sampling point, where each black dot represents a sampling point. However, if slot/occasion is defined and the starting position of LP-WUS is restricted to be the starting location of a slot/occasion for LP-WUS, the number of attempts can be reduced, as well as the total FAR. In this case, the slots/occasions for LP-WUS are continuously located, LP-WUR still needs to continuously receive every sample for the demodulation, so it is also continuous monitoring since the LP-WUR is ON all the time. The slot/occasion for LP-WUS is also compatible with the case of duty-cycle based monitoring.

[image: ]
[bookmark: _Ref131410063][bookmark: _Ref131410061]Figure 28 Example of defining slot format for LP-WUS
Observation 28: Defining slot/occasion for LP-WUS is helpful to reduce the FAR, and thus increase the power saving gain.
If slot/occasion for LP-WUS is defined, it can be related to the slot/frame of legacy NR system, e.g. aligning at the edge. Such kind of relationship use legacy NR slot format as a reference, which is helpful to reduce the specification effort. On the other hand, as introduced in Section 3.4.2, if UE can know the slot/frame index of MR from the slot/occasion index of LP-WUS, LP-WUR can assist MR to get the system timing.
Proposal 11: Support the slot/occasion for LP-WUS, where a LP-WUS can only be transmitted from the starting location of a slot/occasion for LP-WUS
a) From gNB perspective, the slot/occasion for LP-WUS can be continuously located 
b) There can be relationship between the slot/occasion for LP-WUS and slot/frame of legacy NR system
c) Indexing of the slot/occasion for LP-WUS is needed
Continuous monitoring and duty-cycle monitoring
Based on the discussion during RAN1 #112bis-e [9], continuous monitoring can be supported by proper configuration of duty-cycle monitoring. One way is that when duty-cycle is not configured UE by default continuously monitors LP-WUS and when duty-cycle is configured UE monitors LP-WUS based on the configured duty cycle (like C-DRX). Another way is to always configure duty-cycle and UE actually continuously monitors LP-WUS when the ‘monitor duration’ is equal to the periodicity. 
Observation 29: Continuous monitoring can be supported by proper configuration of duty-cycle monitoring.
Continuous monitoring and duty-cycle monitoring have different pros and cons. For example, duty-cycle monitoring can further reduce the power consumption of LP-WUR. But based on the simulation results provided in our companion paper [5], it introduces larger latency than legacy baseline scheme, which is not beneficial for latency sensitive traffics. Also, continuous monitoring can provide gNB with more flexibility of LP-WUS transmission, while duty-cycle monitoring may increase the collision probability since the available time of LP-WUR transmission for particular UEs is limited. Therefore, in our view, both continuous monitoring and duty-cycle monitoring of LP-WUS should be supported and gNB may configure the monitoring behavior considering the trade-off among the above pros and cons.
Proposal 12: Both continuous monitoring and duty-cycle monitoring of LP-WUS are supported.
[bookmark: _Ref125811406]Synchronization
[bookmark: _Ref134119817]Synchronization of LP-WUR
The following agreement on synchronization signal was made in RAN1 #113 [3].
	Agreement
The following observations are to be captured in the TR
· At least for LP-WUR that cannot receive existing PSS/SSS, periodic LP-SS signal is beneficial for the following functionality.
· RRM measurements by LP-WUR, if supported 
· at least coarse time synchronization of LP-WUR. 
· at least coarse frequency synchronization of LP-WUR.
· Additional periodic LP-SS system overhead depends on LP-SS periodicity, system BW, # of beams, and resource required to fulfil the target functionality, etc. Periodic signal if used for coarse synchronization may reduce overhead of signal preceding LP-WUS, if any. LP-SS can be designed to be common among UE groups (cell-specific) and such further reduce system overhead. 
· For LP-WUR that can receive existing PSS/SSS potentially assisted by PBCH DMRS/TRS for synchronization, existing PSS/SSS potentially assisted by PBCH DMRS/TRS may be used for above functionality. 
· Periodic LP-SS coverage should be equal or better than that of LP-WUS.
· For fine time and frequency synchronization, a signal (e.g. preamble) preceding or part of LP-WUS may be used.


While LP-SS is transmitted, it should also be discussed how the LP-WUR to perform time/frequency error estimation and correction. Since the time/frequency error will impact the detection performance of LP-WUS, the capability of correcting time/frequency error is important. 
For time error, the LP-WUR can perform correlation operation in time domain, then determines the correct timing based on the peak of the correlation. It is feasible for any modulation type and the corresponding receiver. 
However, for frequency error, specific receiver architecture may be required. For example, parallel OOK/FSK receiver has parallel branches in frequency domain, which enables LP-WUR to compare the power difference for different frequency location and thus enables frequency error estimation. The basic idea is shown in Figure 29, 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. OFDMA-based receiver can acquire the phase information, which can be used for frequency error estimation. 
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 29. An example of frequency error estimation by parallel OOK/FSK receiver

Observation 30: Receiver architecture with parallel branches or receiver architecture being able to acquire phase information is capable to do frequency error estimation and correction. 
Observation 31: MR can be used to calibrate the frequency of LP-WUR to reduce the LP-WUR’s frequency error. 
[bookmark: _Hlk131087277]Based on the method in Figure 29, the simulation results are shown in Figure 30, 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 30. Residual frequency error after synchronization for parallel OOK/FSK receiver
For periodic LP-SS (i.e. option 2), the periodicity can be determined by the time error and frequency error requirement. If we assume that after a synchronization signal the residual time error is 0 us and the residual frequency error is 5ppm (with some margin compared with 2.5ppm shown in Figure 30), and the target time error for envelope detection is 2us and the target frequency error is 10ppm, based on the agreed Model 1 for time/frequency error, the required periodicity is analyzed in Table 4. The result shows that to satisfy the time error requirement the periodicity of LP-SS can be ~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: _Ref130482218]Table 4 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 32: The requirement of periodicity is usually dominated by the time error, where the residual frequency error contributes most of the time error. 
Proposal 13: The periodicity of LP-SS can be determined based on the requirement of max time error and/or frequency error.
As analyzed in Section 3.1.2, some information, e.g. cell information, SI change and ETWS/CMAS information, tracking area information, and RAN area information, can be transmitted together with LP-SS to reduce the signaling overhead. If they are implicitly carried by the sequence of LP-SS, LP-WUR needs to blind detect the information by e.g. multiple correlation, which increases the complexity of detection. To reduce the detection complexity, the structure of LP-SS can be ‘sequence + message with encoded bits’. The LP-WUR can first use the sequence for time/frequency synchronization, then decode the message part to get the broadcasted information.
Proposal 14: The structure of LP-SS can be ‘sequence + message with encoded bits’, if the following information are carried by LP-SS: cell information, SI change and ETWS/CMAS information, tracking area information, and RAN area information

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.
Observation 33: Initial calibration via MR and periodical time/frequency synchronization based on periodical synchronization signal (e.g. legacy SSS if applicable) can be utilized for LP-WUR with sequence detection. 
[bookmark: _Ref134431153]Re-sync of MR
When UE monitors LP-WUS by LP-WUR, the MR stays in ultra-deep sleep to save power. When MR wakes up from ultra-deep sleep, the time and frequency synchronization is completely lost. So, MR has to spend a long time to perform re-sync procedure, which increases both power consumption and latency. To reduce the effort for re-sync, LP-WUR can assist the re-sync procedure of MR. Specifically, if the slot/occasion of LP-WUR has some relationship with the slot/frame of MR (see more details in Section 3.3), the LP-WUR can get timing information based on LP-SS, and send the information to MR for initial timing calibration. Then the number of SSB used by MR can be reduced since the coarse timing is already maintained by MR.
Similarly, LP-WUR can also estimate the frequency offset by LP-SS. If the frequency location of LP-WUS and that of SSB have special relationship, the estimated frequency offset by LP-WUR can be indicated to MR for initial frequency calibration. Then the residual frequency error can be small enough to be adjusted within a short time.
Some simulation results are provided in our companion paper [5].
Proposal 15: If there is time and frequency relationship between LP-WUS and legacy NR signal/channel(s) received by MR, then LP-WUR can assist the re-sync procedure of MR, which can reduce the power consumption and latency.
Measurements and mobility
Serving cell measurement
In RAN1 #113, the following agreement was made [3].
	Agreement
· For Idle/Inactive mode, study offloading of RRM measurements of serving cell to LP-WUR under certain conditions, if any, and relaxation of serving/neighboring cell RRM measurements in MR considering
· Periodic reference signal(s) is/are used for LR measurements.
· FFS: reference signal(s) to measure, e.g. PSS/SSS/PBCH DMRS, LP-WUS waveform sequence, LP-SS
· FFS: periodicity, content
· MR performs measurements 
· Alt2: with relaxed periodicity if RRM measurement in MR is relaxed.
· FFS: Condition for relaxation if any
· Can apply for both neighboring and serving cell
· Alt3: only when reference signal(s) based measurements by LP-WUR satisfy certain condition(s), e.g. are below threshold.
· FFS threshold.
· Above MR measurement under certain conditions can apply for both neighboring and serving cell
· Potentially with relaxation methods for MR neighboring cell measurement 
· Other alternatives are not precluded
· FFS: Feasibility of RRM measurements of neighbor cells by LP-WUR



Offloading of serving cell measurement to LP-WUR is beneficial for power saving, since it can avoid frequent wakeup of MR. As agreed in RAN1 #113, periodic LP-SS can be used to perform the measurement. When LP-WUR monitors LP-WUS, it will also receive LP-SS for time/frequency tracking, serving cell measurement can be performed at the same time. To maximum the power saving gain, the offloading of serving cell measurement should be enabled whenever the UE uses LP-WUS to monitor LP-WUS. The condition to control LP-WUS monitoring will be discussed in Section 3.6. No other separate condition is needed for controlling offloading of serving cell measurement to LP-WUR. 
Proposal 16: Support offloading of RRM measurements of serving cell to LP-WUR, when LP-WUR is monitoring LP-WUS.
If offloading of serving cell measurement to LP-WUR is supported, there is no need to let MR to perform serving cell measurement when UE is monitoring LP-WUS. When UE receives a LP-WUS targeted to itself, the UE will wake up its MR. After the MR is waken up, legacy RRM measurement requirements can be applied. Therefore, there is no need to further discuss relaxing serving cell measurement by MR.
Proposal 17: No need to further discuss relaxing serving cell measurement by MR.
Neighbor cell measurement
If neighbor cell measurement can only be performed by MR, to reduce the wakeup of MR, neighbor cell measurement should be performed less frequently, i.e. the periodicity should be relaxed. The relaxation criterion defined in current spec can only allow 3x relaxation, which is not enough for LP-WUS/WUR scenario as shown by our simulation results in [5], thus new relaxation method should be considered. Specifically, the neighbor cell measurement by MR can be controlled by the result of serving cell measurement by LP-WUR, e.g.,  when the channel condition of serving cell is worse than a threshold, then neighbor cell measurement is performed.
Observation 34: The relaxation of neighbor cell measurement defined in current specification is not enough for LP-WUS/WUR scenario. 
Proposal 18: Support MR to perform neighbor cell measurement when the channel condition of serving cell, which is measured by LP-WUR, is worse than a threshold.
In another way, neighbor cell measurement can also be performed by LP-WUR. For the LP-WUR of sequence detection, signals from different cell can be distinguished by using different sequence for different cell (e.g. setting different roots). For LP-WUR of envelope detection, due to the non-coherent detection, advanced interference handling is not feasible. Thus, it should be carefully designed how to transmit the reference signal for measurement. For example, to avoid interference the reference signals from different cells can be TDM-ed. An example is shown in Figure 31, where the blocks in white are the ‘interference-free’ measurement occasions for different cell. 
[image: ]
[bookmark: _Ref125815359]Figure 31 An example for neighbor cell measurement in TDM manner
Proposal 19: Further consider neighbor cell measurements performed by LP-WUR.
New metrics for RRM measurement by LP-WUR
In RAN1 #113, the following agreement was made [3].
	Agreement
· For at least RRM serving cell measurement performed by LP-WUR based on reference signal(s), RAN1 identified at least the following metrics for further study and evaluation (including feasibility, complexity, power consumption, etc)
· LP-RSSI or Energy detection: linear average of total received power over a RSSI resource. 
· FFS RSSI resource.
· LP-RSRP: linear average of received power of resource of reference signal(s) or signal(s) parts. 
· FFS resource of reference signal(s) or signal(s) parts
· LP-SINR = LP-RSRP/(power of interference and noise) 
· FFS how to define “power of interference and noise”
· LP-RSRQ= [N x] LP-RSRP/LP-RSSI, where N is the factor of resource size difference for evaluation LP-RSRP and LP-RSSI. 
· Accounting AGC accuracy, ADC of at least 4 bits is required. 
· Note: Reference signal for performing measurements can be e.g. SSB (PSS/SSS/PBCH DMRS), LP-WUS-waveform sequence, LP-SS
· Note: The definition of metrics could be further refined based on future study 


Based on [10], RSRP, RSRQ and RSSI are used for RRM measurement in IDLE/INACTIVE mode, the similar metric LP-RSRP, LP-RSRQ and LP-RSSI can be used for the case when LP-WUR performs RRM measurement. The resource to calculate LP-RSRP and LP-RSSI should be defined based on the property of the waveform. For example, if 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 left to gNB implementation to ensure 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.
However, based on [10], SINR is not used for IDLE/INACTIVE mobility procedures by MR. It is also not clear to us how to define “power of interference and noise”. Therefore, LP-SINR is with lower priority to be considered as a metric.
Proposal 20: For at least RRM serving cell measurement performed by LP-WUR based on reference signals(s), support LP-RSRP, LP-RSRQ and LP-RSSI as metrics, where the resource to calculate LP-RSRP and LP-RSSI can be configured/defined.
Also, how to use the measurement metrics should also be discussed. For example, in current specification cell re-selection and S-criteria are supported based on SS-RSRP and SS-RSRQ. If new quantities are defined, there may be relationship between the new quantities and legacy quantities, so that UE can perform cell re-selection and S-measure based on the new quantities.
Proposal 21: Further discuss how to use the measurement quantities by LP-WUR.
[bookmark: _Ref141449058]Activation/deactivation of LP-WUS monitoring for IDLE/INACTIVE mode
In RAN1 #113, the following agreement was made [3].
	Agreement
· For Idle/Inactive mode, following options for activation and deactivation of LP-WUS monitoring by LP-WUR for a UE can be considered for study
· Alt 1a: 
· gNB transmits legacy paging indication and LP-WUS
· UE activation and/or deactivation of LP-WUS WUS monitoring is up to UE implementation.
· This behavior may apply based on channel condition, e.g. when coverage is sufficient/insufficient.
· Alt 1b: 
· gNB transmits legacy paging indication and LP-WUS
· UE activation and/or deactivation of LP-WUS monitoring is based on preconfigured criteria
· This behavior may apply based on channel condition, e.g. when coverage is sufficient/insufficient.
· Alt 2: 
· activation and/or deactivation of LP-WUS monitoring in a cell is based on signalling.
· Paging misdetection performance shall not be impacted.


To avoid paging missing, when the channel condition becomes bad, it is better to let UE use MR to receive legacy paging instead of continuing using LP-WUR to receive LP-WUS. However, in IDLE/INACTIVE mode it is difficult to let gNB know the status of UE since there is no connection between them. Therefore, the Alt 2, where the activation/deactivation is based on signaling, is not a good way. Instead, Alt 1a and Alt 1b can be further considered. In our view, Alt 1a and Alt 1b may not conflict with each other. For example, gNB can configure criteria (i.e. Alt 1b), while UE still have the flexibility not to monitor LP-WUS even when the criteria is satisfied (i.e. Alt 1a). It should be noted that for both Alt 1a and Alt 1b, gNB will transmit both legacy paging and LP-WUS for a LP-WUS enabled UE.
Proposal 22: Support activation and/or deactivation of LP-WUS monitoring based on preconfigured criteria, while UE still has flexibility not to monitor LP-WUS even when the criteria is satisfied.

Consideration for CONNECTED mode
In RAN1#112bis-e, the following agreements were made [2]. And in the following sections, the design aspects of LP-WUS in CONNECTED mode are discussed.
	Agreement
· For RRC connected mode, the following is assumed for LP-WUS study in RAN1
· RLM/BFD/CSI are performed by UE Main Radio (MR) 
· RRM measurements are performed by UE Main Radio (MR)
· Ultra-deep sleep state is not allowed for MR.
· Study additional support of RRM measurement by LP-WUR for RRC connected mode
· Study RRC connected mode LP-WUS functionality/purpose/procedures
· Study RRC connected mode LP-WUS activation/deactivation procedures.
· Study RRC connected mode LP-WUS BW, whether same as IDLE/Inactive mode or different 
· In RRC connected, study the relationship between LP-WUS and legacy UE power saving techniques.



	Agreement
· …
· For CONNECTED mode, study at least following candidates for content of LP-WUS
· information on which user(s) is/are targeted by the LP-WUS
· e.g UE-group, -subgroup or -ID
· indication to wake-up to PDCCH monitoring.
· Other information candidates are not precluded
· Study pros and cons of including above information to LP-WUS. 
· Note: the information may be explicitly or implicitly indicated.



Signal design principle
The signal design is highly related to receiver architecture. A unified LP-WUS signal design should be considered for CONNECTED mode and IDLE/INACTIVE mode to avoid supporting two kinds of LP-WUS receiver architecture for different RRC states. This will reduce hardware design complexity. However, the UE behavior in CONNECTED mode is different from that in IDLE/INACTIVE mode. So, the functionality and procedure of LP-WUS for CONNECTED mode can be designed separately. For example, in IDLE/INACTIVE mode, the power consumption is mainly caused by unnecessary paging monitoring. But in CONNECTED mode, the power consumption mainly comes from unnecessary PDCCH monitoring.
Observation 35: A unified LP-WUS signal design for CONNECTED mode and IDLE/INACTIVE mode can avoid supporting two kinds of LP-WUS receiver architecture for different RRC states. 
Proposal 23: A unified LP-WUS signal design should be considered for CONNECTED mode and IDLE/INACTIVE mode. 
Functionality in CONNECTED mode
In CONNECTED mode, LP-WUS at least can be used to indicate PDCCH monitoring. For example, when the traffic does not arrive yet, UE can monitor LP-WUS using LP-WUR and keep MR in sleep mode. When the traffic arrives, gNB can send LP-WUS to the targeted UE, and UE starts monitoring PDCCH after the LP-WUS detection. In addition, LP-WUS can also indicate some scheduling information. 
Proposal 24: In CONNECTED mode, LP-WUS can be used to indicate PDCCH monitoring, as well as scheduling information. 
Activation/deactivation of LP-WUS monitoring for CONNECTED mode
In RAN1 #113, the following agreement was made [3].
	Agreement
· In RRC CONNECTED mode, study benefit of LP-WUS over existing Rel-15, R16, and R17 power saving techniques for following functionalities: 
· LP-WUS with similar functionality as R16 DCP. 
· LP-WUS activates/resumes PDCCH monitoring when LP-WUS is received.
· interaction with legacy power saving techniques, if any 
· other functionalities are not precluded
· for evaluation 
· companies to report 
· assumption on MR sleep state when LP-WUR is monitoring LP-WUS
· deep sleep,
· light sleep, 
· micro sleep
· how to activate/deactivate LP-WUS monitoring and deactivate/activate PDCCH monitoring
· LP-WUS waveform
· In RRC CONNECTED mode, LP-WUS monitoring can be activated/deactivated by at least one or more of
· by gNB RRC signaling, with or without UE assistance.
· by gNB L1/L2 LP-WUS activation/deactivation signaling, with or without UE assistance.
· based on pre-configured condition(s), such as timer. 
· LP-WUS monitoring by UE is known to gNB, study whether it could be transparent to gNB.
· other options are not precluded.


Different from in IDLE/INACTIVE mode, in CONNECTED mode, it is possible to let gNB know clearly whether the UE is monitoring LP-WUS or not. Then gNB can arrange the timeline for data scheduling.
Proposal 25: In CONNECTED mode, LP-WUS monitoring by UE is known to gNB.
To save power, UE can monitor LP-WUS when there is no traffic and switch to monitor PDCCH when traffic arrives. In other words, the activation/deactivation of LP-WUS is highly related to the traffic arrival. Therefore, it may be not flexible enough to trigger activation/deactivation of LP-WUS by RRC signaling since RRC signaling is usually send infrequently and takes effects slowly. Instead, LP-WUS monitoring can be triggered dynamically by either explicit manner (e.g. L1/L2 signaling) or implicit manner (e.g. timer). 
Proposal 26: In CONNECTED mode, LP-WUS monitoring can be activated/deactivated by L1/L2 signaling or timer.
Relationship between LP-WUS and legacy UE power saving techniques
If LP-WUS is used to indicate PDCCH monitoring, it can be taken as a time domain UE power saving technique. From Rel-15 to Rel-17, various time domain UE power saving techniques are specified, including CDRX, DCI format 2_6, PDCCH skipping/SSSG switching. The relationship between LP-WUS and legacy UE power saving techniques should be further studied, either in the SI or in the WI (since it seems most should be normative-level details), with a view to minimizing the specification impact. 
Proposal 27: In CONNECTED mode, the spec effort is minimized for operation of LP-WUS together with legacy power-saving techniques.
Deployment of LP-WUS 
In our view, it is possible that LP-WUS is only deployed in part of the bands/carriers. From UE side, supporting different bands may require different RF modules (such as RF filter, LNA, and oscillator) due to the limited dynamic range. Deploying LP-WUS in only some bands/carriers helps to reduce the cost of LP-WUR. From the network side, deploying LP-WUS in only some of the bands/carriers helps to reduce the system overhead. It is therefore attractive to allow the number of supported bands/carriers by an LP-WUR to be less than the supported bands/carriers of the MR.
Observation 36: Deploying LP-WUS in only some bands/carriers helps to reduce the cost of LP-WUR and the system overhead of the network, thus the number bands/carriers supported by LP-WUR can be less than for the MR.
For IDLE/INACTIVE mode, the cell re-selection of UE is not controlled by gNB, which means UE can freely choose a band/carrier to camp on. Therefore, a UE supporting LP-WUS can always choose to camp on a band/carrier with LP-WUS present. In this case, further improvements can be considered on how to help the UE quickly find a band/carrier with LP-WUS. 
Observation 37: For IDLE/INACTIVE mode, when only some of the bands/carriers have LP-WUS present, UE can choose to camp on a band/carrier with LP-WUS, for power saving.

However, in CONNECTED mode, the UE’s cell(s) is(are) configured by network. To let a UE benefit from LP-WUS even when it is in a cell without LP-WUS transmission, the LP-WUS located in another different carrier/band can be used by cross-carrier indication of LP-WUS.
Proposal 28: For CONNECTED mode, LP-WUS and signals/channels used by the MR can be different carriers in the band, or in different band(s), and a cross-carrier indication of LP-WUS can be considered.

Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]In this contribution, we discuss the signal design, functionality and procedure for LP-WUS. The following observations and proposals are made:
Observation 1: For the two options for FSK signal generation, the following observations are made
· For M=1, option FSK-1 and option FSK-2 are the same
· For M=2, option FSK-2 outperforms FSK-1 due to higher power boosting
· For M>2,
· The segments required for option FSK-1 grows linearly with M.
· For option FSK-2, the segments required grows exponentially with M. In this case, it is suggested to decompose the transmission into parallel channels with M=1 or M=2. With this method, segments required are the same as option FSK-1.
Observation 2: Sequence modulation can carry information via different sequences (e.g., based on cyclic shifts) within each symbol for LP-WUS.
Observation 3: Sequence modulation can be more robust to interference and noise by modulating with sequences having good correlation properties, e.g., ZC sequences.
Observation 4: A joint modulation of OOK-4 and FSK-2 can be more robust to timing error than OOK-4 due to its longer symbol duration.
Observation 5: A joint modulation of OOK-4 and FSK-2 can have better frequency diversity than FSK-2.
Observation 6: The parallel receiver architecture can be used by the joint modulation to enable both OOK and FSK.
Observation 7: OOK and FSK detection can be made more robust with respect to interference and noise by modulating with sequences having good correlation properties. Sequences suitable for existing gNB transmitter, such as ZC sequences, have such properties.
Observation 8: For sequence on top of OOK/FSK modulation-based LP-WUS, UE has the flexibility to use sequence-based detection or use envelope detection-based receiver, depending on device types.
Observation 9: Compare OOK-1 with M x higher SCS than NR, and OOK-4 (M=2,4)
· When no frequency/timing error, OOK-1 with 60kHz SCS has similar performance as OOK-4 with M=2; OOK-1 with 120kHz SCS has similar performance as OOK-4 with M=4
· For OOK-1 with 60kHz SCS, timing error of  cause performance losses of 0.4, 0.9 and 2.8 dB. For OOK-4 M=2, timing error of  cause performance losses of 0.9, 1.5 and 3.6 dB. The impacts are more evident on OOK-4 M=2. (since OOK1-60kHz has longer symbol duration with CP)
· For OOK-1 with 120kHz SCS, timing error of  cause performance losses of 1 and 3.2 dB. Timing error of  cause error floor. For OOK-4 M=4, timing error of  cause performance losses of 1.4 and 4.7 dB. Timing error of  cause error floor. The impacts are more evident on OOK-4 M=4. (since OOK1-120kHz has longer symbol duration with CP). 
· The impacts from timing error are more serious to OOK1 with 120kHz than to OOK-1 with 60kHz, because symbol duration is further reduced. For the same reason, the impacts from timing error are more serious to OOK4-M4 than to OOK4-M2.
· Both OOK-1 with 60kHz/120kHz SCS and OOK-4 M=2/4 are insensitive to frequency error up to 10ppm.
Observation 10: Comparison of OOK-4 M=2 and OOK-2 M=2
· When no frequency/timing error, OOK-4 M=2 outperforms OOK2M2 by 1.8dB. This can be explained as follows. OOK4 symbol bandwidth is twice as wide as OOK2, therefore harvest higher frequency diversity. OOK2 symbol length is twice as long as OOK4, therefore harvest higher time diversity. Since low mobility is assumed, frequency diversity outweighs time diversity.
· For OOK-2 M=2, timing error of  cause performance losses of 0, 0 and 0.5 dB. For OOK-4 M=2, timing error of  cause performance losses of 0.9, 1.5 and 3.6 dB. OOK-2 M=2 is more robust to timing error, since the symbol duration is twice as long as OOK-4 (M=2).
· Both OOK2 M=2 and OOK4 M=2 are insensitive to frequency error up to 10 ppm
Observation 11: Comparison of OOK-1 and OOK-2 M=2/4 with further reduced code rate
· When no frequency/timing error, OOK-2 M=2 with two repetitions slightly outperforms OOK-1 by 0.6dB, and OOK-2 M=4 with four repetitions slightly outperforms OOK-1 by 0.9dB. This can be explained as follows. From frequency diversity perspective, both methods allow information bit to be transmit over all bandwidth therefore has similar frequency diversity. From time diversity perspective, OOK-2 with repetitions has certain advantage as each bit is transmitted over repetitions with large time domain separation. 
· Both schemes are insensitive to timing error up to 4 us, since the symbol length is relatively long, i.e. around .
· Both schemes are insensitive to frequency error up to 10ppm.
Observation 12: Comparison of OOK-1 and OOK-4 M=2/4 with further reduced coderate
· When no frequency/timing error, OOK-1 slightly outperforms OOK-4 M=2 with x2 repetitions by 0.3 dB. Similarly, OOK-1 slightly outperforms OOK-4 M=4 with x4 repetitions by 0.6dB. This could due to the fact that OOK-4 has some leakage between ON/OFF symbols causing inter-symbol interference, as shown in Figure 2.
· For OOK-4 M=2 with x2 repetitions, timing error of  cause performance loss of 0.8, 1.3 and 3.5 dB. For OOK-4 M=4 with x4 repetitions, timing error of  cause performance loss of 1.3 and 4.1 dB. Meanwhile OOK-1 is insensitive to timing error up to 4us. OOK1 is more robust to timing error because the symbol duration is M times as long as OOK-4.
· Both schemes are insensitive to frequency error up to 10ppm. 
Observation 13: Comparison of OOK-1 and FSK-2 M=2bit/OS with 4 repetitions 
· When no frequency/timing error, FSK-2 M=2bit/OS with x4 repetition outperforms OOK-1 by 3.5 dB. It can be explained as follow. From power pooling perspective, FSK-2 has 6dB power boosting in the activated frequency segment. For, OOK-1 SNR calculation, signal power is average of ON and OFF symbols which equivalent to 3dB offset. Therefore FSK-2 has 3dB advantage from power pooling. From frequency diversity perspective, both schemes have similar diversity gain. From time diversity perspective, FSK-2 has higher time diversity, as 4 repetitions are sent with intervals of 24 OFDM symbols.
· Both OOK1 and FSK-2 M=2 with x4 repetition are insensitive to timing error up to  and frequency error up to 10ppm
Observation 14: Comparison of FSK-2 M=2bits/OS and OOK-2 M=4
· When no frequency/timing error, FSK-2 M=2bits/OS outperforms OOK-2 M=4 by 2.8dB. The roughly 3dB performance gap can be explained as FSK-2 M=2bits/OS has 6dB power boosting while for OOK-2 M=4 SNR calculate, signal power is average of ON/OFF symbols and is equivalent 3dB offset. Both schemes have similar frequency/time diversity.
· Both schemes are insensitive to timing error up to .
· Both schemes are insensitive to frequency error up to 10ppm.
Observation 15: Comparison of FSK-2 M=2bits/OS and OOK-4 M=4
· When no frequency/timing error, for TDL-C 300ns, OOK-4 M=4 outperforms FSK-2 M=2bits/OS by 1.2dB. This can be explained as follow. From frequency diversity perspective, bandwidth of OOK-4 M=4 is four time as wide as that of FSK-2 M=2bits/OS and harvest more frequency diversity. From power pooling perspective, OOK-4 M=4 has around 3dB boost for ON symbols by design while FSK-2 M=2bits/OS has 6dB power pooling on the activated segment, so FSK-2 M=2bits/OS has around 3dB advantage over OOK-4. The overall effect is that diversity gain outweighs the power boosting gain so that OOK-4 shows better performance.
· When no frequency/timing error, for TDL-C 1000ns, FSK-2 M=2bits/OS outperforms OOK-4 M=4 by 1.5dB. The results are different compare to the case of TDL-C 300ns. This can be explained as large delay spread reduces coherent bandwidth and therefore improves frequency diversity. FSK-2 M=2bits/OS benefits more from frequency diversity compare to OOK-4 M=4 which already achieve relatively high frequency diversity under TDL-C 300ns. In this case power boosting gain outweighs diversity gain so that FSK-2 M=2bits/OS shows better performance.
· For OOK-4 M=4 under TDL-C 300ns, M=4 timing error of  brings performance loss of 1.4 and 4.7dB and timing error of  causes error floor. When concentrated waveform is used, better robustness against timing error can be achieved, where timing error of  brings performance loss of 0.3 and 2.5dB. Timing error of  cause error floor. Meanwhile FSK-2 M=2bits/OS is insensitive to timing error up to . This is because symbol duration of FSK-2 M=2bits/OS is four times as long as that of OOK-4 M=4, this translates to higher resilience against timing error.
· For OOK-4 M=4 under TDL-C 1000ns, timing error of  brings performance loss of 2.3 and 11.7dB and timing error of  cause error floor. When concentrated waveform is used, better robustness against timing error can be achieved, where timing error of  brings performance loss of 0.7 and 5.3dB. Timing error of  cause error floor. Meanwhile FSK-2 M=2bits/OS is insensitive to timing error up to . This is because symbol duration of FSK-2 M=2bits/OS is four times as long as that of OOK4 M=4, this translates to higher resilience against timing error.
· Both schemes are is insensitive to frequency error up to 10ppm.
Observation 16: Comparison of FSK-2 M=2bits/OS and OOK-4 M=4
· When no frequency/timing error, FSK-2 (M=2 with 4 repetitions) outperforms OOK-4 (M=4 with 4 repetitions) by 4.2dB. This can be explained as follows. From diversity perspective, since FSK-2 with repetitions harvest frequency diversity gain using the method shown in Figure 13, both methods benefit similarly. From power pooling perspective, FSK-2 has 6 dB power boosting on the activated segment while OOK-4 has 3dB power boosting in ON symbols, so FSK-2 has 3dB advantage. OOK-4 also suffers from power leakage between ON/OFF symbols as shown in Figure 2. These explain why FSK-2 show better performance when repetition is used.
· For OOK-4 M=4 with 4 repetitions, timing error of  cause performance loss of 1.3 and 4.1 dB. Timing error of  causes error floor. Meanwhile, FSK-2 M=2 with 4 repetitions is insensitive to timing error up to . This is because symbol duration of FSK-2 is four times as long as that of OOK4 M=4, this translates to higher resilience against timing error.
· Both schemes are insensitive to frequency error up to 10ppm.
Observation 17: For sequence-based detection, it can be observed that the performance would be degraded by 0.5dB due to the phase noise and I/Q imbalance when 120 uW oscillator is used.
Observation 18: Sequence modulation has better coverage performance than energy detection, even if phase noise and I/Q imbalance, frequency error within 10ppm and 1us timing error are considered.
Observation 19: Sequence detection on OOK-4 signal has better performance than envelope detection.
Observation 20: For sequence-detection of OOK modulation 
· If the sliding window size is 9 samples, there is 2dB loss for 0.5𝜇𝑠 time error;
· If the sliding window size is 20 samples, there is 1.3dB loss for 1𝜇𝑠 time error;
· If the sliding window size is 36 samples, there is 1.3dB loss for 2𝜇𝑠 time error;
Observation 21: With proper root sequence selection, sequence-detection on OOK modulation is robust against frequency error.
Observation 22: Sequence-detection on OOK modulation is more robust against interference than envelope detection.
Observation 23: For the joint modulation of OOK (e.g. OOK-4) and FSK, 
· When BW is 4RB, the performance loss is ~ 1dB and ~3dB for 2us and 4us time error; and 0.4dB and 1.3dB for 20ppm and 40ppm frequency error and phase noise, respectively.
· When BW is 12RB, the performance loss is ~1dB and ~2dB for 2us and 4us time error; and up to ~0.2dB for up to 40ppm frequency error, respectively.
Observation 24: For 4x time domain repetition, transmit diversity by precoder cycling with two antenna ports can provide 2dB or more performance gain.
Observation 25: To indicate paging information by LP-WUS, there is trade-off between power saving gain/latency and required data rate/coverage performance. 
Observation 26: Before making it clear how many bits are needed to support per-UE information, it is hard to make decision whether only per-group indication is supported. 
Observation 27: The target data rate for LP-WUS design can be x101~x102 kbps level.
Observation 28: Defining slot/occasion for LP-WUS is helpful to reduce the FAR, and thus increase the power saving gain.
Observation 29: Continuous monitoring can be supported by proper configuration of duty-cycle monitoring.
Observation 30: Receiver architecture with parallel branches or receiver architecture being able to acquire phase information is capable to do frequency error estimation and correction. 
Observation 31: MR can be used to calibrate the frequency of LP-WUR to reduce the LP-WUR’s frequency error. 
Observation 32: The requirement of periodicity is usually dominated by the time error, where the residual frequency error contributes most of the time error. 
Observation 33: Initial calibration via MR and periodical time/frequency synchronization based on periodical synchronization signal (e.g. legacy SSS if applicable) can be utilized for LP-WUR with sequence detection. 
Observation 34: The relaxation of neighbor cell measurement defined in current specification is not enough for LP-WUS/WUR scenario. 
Observation 35: A unified LP-WUS signal design for CONNECTED mode and IDLE/INACTIVE mode can avoid supporting two kinds of LP-WUS receiver architecture for different RRC states. 
Observation 36: Deploying LP-WUS in only some bands/carriers helps to reduce the cost of LP-WUR and the system overhead of the network, thus the number bands/carriers supported by LP-WUR can be less than for the MR.
Observation 37: For IDLE/INACTIVE mode, when only some of the bands/carriers have LP-WUS present, UE can choose to camp on a band/carrier with LP-WUS, for power saving.

Proposal 1: Study joint modulation of OOK and FSK by e.g. multiple segments in time domain for FSK.
Proposal 2: Study modulation suitable for sequence detection on the top of OOK/FSK modulation.
Proposal 3: Capture in TR that OOK-1 with higher SCS than NR is not recommended since it makes gNB implementation more complicated.
Proposal 4: Time domain repetition and transmit diversity by precoder cycling are considered to improve the performance of LP-WUS.
Proposal 5: Frequency hopping is considered to improve the performance of LP-WUS.
Proposal 6: For multiplexing of LP-WUSs for different UEs, study at least TDM, FDM, CDM.
Proposal 7: LP-WUS can indicate per-UE information or per-group information for paging.
Proposal 8: Further consider how to indicate paging information to get a good balance between low data rate requirement and low false wakeup rate.
Proposal 9: The following information can be indicated by LP-WUS in addition to paging information:
a) Tracking area/RAN area information
b) Cell information
c) SI change and ETWS/CMAS information
Proposal 10: Study methods to extend coverage and reduce misdetection probability by block coding.
Proposal 11: Support the slot/occasion for LP-WUS, where a LP-WUS can only be transmitted from the starting location of a slot/occasion for LP-WUS
a) From gNB perspective, the slot/occasion for LP-WUS can be continuously located 
b) There can be relationship between the slot/occasion for LP-WUS and slot/frame of legacy NR system
c) Indexing of the slot/occasion for LP-WUS is needed
Proposal 12: Both continuous monitoring and duty-cycle monitoring of LP-WUS are supported.
Proposal 13: The periodicity of LP-SS can be determined based on the requirement of max time error and/or frequency error.
Proposal 14: The structure of LP-SS can be ‘sequence + message with encoded bits’, if the following information are carried by LP-SS: cell information, SI change and ETWS/CMAS information, tracking area information, and RAN area information
Proposal 15: If there is time and frequency relationship between LP-WUS and legacy NR signal/channel(s) received by MR, then LP-WUR can assist the re-sync procedure of MR, which can reduce the power consumption and latency.
Proposal 16: Support offloading of RRM measurements of serving cell to LP-WUR, when LP-WUR is monitoring LP-WUS.
Proposal 17: No need to further discuss relaxing serving cell measurement by MR.
Proposal 18: Support MR to perform neighbor cell measurement when the channel condition of serving cell, which is measured by LP-WUR, is worse than a threshold.
Proposal 19: Further consider neighbor cell measurements performed by LP-WUR.
Proposal 20: For at least RRM serving cell measurement performed by LP-WUR based on reference signals(s), support LP-RSRP, LP-RSRQ and LP-RSSI as metrics, where the resource to calculate LP-RSRP and LP-RSSI can be configured/defined.
Proposal 21: Further discuss how to use the measurement quantities by LP-WUR.
Proposal 22: Support activation and/or deactivation of LP-WUS monitoring based on preconfigured criteria, while UE still has flexibility not to monitor LP-WUS even when the criteria is satisfied.
Proposal 23: A unified LP-WUS signal design should be considered for CONNECTED mode and IDLE/INACTIVE mode. 
Proposal 24: In CONNECTED mode, LP-WUS can be used to indicate PDCCH monitoring, as well as scheduling information. 
Proposal 25: [bookmark: _GoBack]In CONNECTED mode, LP-WUS monitoring by UE is known to gNB.
Proposal 26: In CONNECTED mode, LP-WUS monitoring can be activated/deactivated by L1/L2 signaling or timer.
Proposal 27: In CONNECTED mode, the spec effort is minimized for operation of LP-WUS together with legacy power-saving techniques.
Proposal 28: For CONNECTED mode, LP-WUS and signals/channels used by the MR can be different carriers in the band, or in different band(s), and a cross-carrier indication of LP-WUS can be considered.
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Appendix

[bookmark: _Ref134204734] Table 5 Simulation assumptions for OOK options
	Parameter
	Option OOK-1
	Option OOK-2
	Option OOK-4

	Data rate
	14 kbps
	56 kbps
28 kbps if x2 repetition
14 kbps if x4 repetition
	56 kbps
28 kbps if x2 repetition
14 kbps if x4 repetition

	Scenario 
	2.6GHz dense urban

	Packet size
	48 bits 

	Bandwidth configuration
	See Figure 7

	Subcarrier spacing
	30kHz
For OOK-1, 60kHz and 120kHz are also evaluated

	Channel model
	TDL-C 300ns, TDL-C 1000ns is also used

	UE speed
	3 km/h

	Number of RX antennas
	1

	Channel coding
	Non

	Timing error
	see the legend of simulation results

	Frequency error
	see the legend of simulation results

	ADC
	· Digitization resolution: 8bit/Sample
· Sampling frequency: 3.84 MHz for envelope detection, and 7.68MHz for sequence detection

	Manchester code
	½-rate Manchester

	Simulated sequence to generate the OOK waveform
	For OOK-4:
1) Normal ZC-sequence based waveform: ZC sequence with length 11, u=1, cyclically extended to 12 points for each OOK segment before DFT;
2) Concentrated Waveform: ZC sequence with length 7, cyclically extended to 8-points sequence, and two zero values added before and after the sequence to form a 12-points sequence for each OOK segment before DFT. 



[bookmark: _Ref131175486]Table 6 Simulation assumptions for FSK options
	Parameter
	Assumptions for both Option FSK-1 and FSK-2

	Data rate
	56 kbps
14 kbps if x4 repetition

	Scenario 
	2.6GHz dense urban

	Packet size
	48 bits 

	Bandwidth configuration
	See Figure 7

	Subcarrier spacing
	30kHz

	Channel model
	TDL-C 300ns, TDL-C 1000ns is also used

	UE speed
	3 km/h

	Number of RX antennas
	1

	Channel coding
	Non

	Timing error
	· see the legend of simulation results

	Frequency error
	· see the legend of simulation results

	ADC
	· Digitize resolution: 8bit/Sample
Sampling frequency: 3.84 MHz


[bookmark: _Ref134123506]Table 7 Simulation assumptions for Joint modulation of OOK and FSK
	Parameter
	Assumptions

	Scenario 
	2.6GHz dense urban

	Packet size
	48 bit

	Modulation
	2bit-Joint modulation of OOK and FSK

	Maximal supported data rate
	56 kbps

	Signal Bandwidth
	4RB (1.44MHz), where each frequency segment occupies 2RBs.
Or 12RB (4.32MHz), where each frequency segment occupies 6RBs.

	Subcarrier spacing
	30kHz

	Channel model
	TDL-C 300ns

	UE speed
	3 km/h

	Number of RX antennas
	1

	Channel coding
	Non

	Time/frequency synchronization
	Timing error: 0/1/2/4, frequency error: 0/10/20/40ppm 


	Phase noise
	Modelled as discussed in [5]

	ADC
	Ideal, no down sampling or quantization



[bookmark: _Ref131781090]Table 8  Simulation assumptions for Figure 18
	Parameter
	Assumptions

	Scenario 
	2.6GHz dense urban

	Packet size
	48 bits

	Modulation
	Sequence base modulation

	Simulated sequence
	ZC sequence with different cyclic shifts are simulated
root , the length of the root sequence is first maximum prime which is smaller or equal than the DFT size of LP-WUS:
· 47 for 4RB LP-WUS
· 11 for 2RB LP-WUS
119 for 12RB LP-WUS root 
maximum number of cyclic shifts 

	Signal Bandwidth
	2RB (720kHz)/ 4RB (1.44MHz)/ 10RB (3.6MHz)

	Subcarrier spacing
	30kHz

	Channel model
	TDL-C 300ns 

	UE speed
	3 km/h

	Number of RX antennas
	1

	Channel coding
	Non

	Time/frequency synchronization
	Ideal

	Phase noise
	Non

	ADC
	Ideal, no down sampling or quantization

	Block FAR
	0.1%



[bookmark: _Ref131781259]Table 9   Simulation assumptions for Figure 19
	Parameter
	Assumptions

	Scenario 
	2.6GHz dense urban

	Packet size
	48 bits

	Modulation
	Sequence base modulation

	Simulated sequence
	ZC sequence
root 
maximum number of cyclic shifts 

	Signal Bandwidth
	2RB (720kHz)/ 4RB (1.44MHz)/ 10RB (3.6MHz)

	Subcarrier spacing
	30kHz

	Channel model
	TDL-C 300ns 

	UE speed
	3 km/h

	Number of RX antennas
	1

	Channel coding
	Non

	Time/frequency synchronization
	Ideal

	Phase noise
	Modelled as discussed in [5]
white frequency noise coefficient c=0.24 fs

	ADC
	Ideal, no down sampling or quantization

	Block FAR
	0.1%
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