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1. Introduction
In RAN1#94, the multiple aspects on the NR-U DL signals and channels are summarized in [1]. 

In this contribution, we discuss these design aspects and provide corresponding analyses and proposals.
2. NR-U DRS
To minimize changes with respect to NR, it is desirable to build the NR-U DRS waveforms based on NR waveforms.
In RAN1#93 the following was agreed with respect to SSB:
· NR-U should have a signal that contains at least SS/PBCH block burst set transmission
· FFS: Other channels and signals transmitted together as part of the signal
· The design of this signal should consider the following characteristics specific to unlicensed band operation
· There are no gaps within the time span the signal is transmitted at least within a beam
· FFS: Whether any gaps are needed for beam switching and, if needed, their duration
· The occupied channel bandwidth is satisfied (although this may not be a requirement)
· Strive to minimize the channel occupancy time of the signal
· Characteristics that may facilitate fast channel access

In NR, the initial acquisition and initial access only define 15Khz and 30Khz.  For SSB transmission, due to the PSD limit, the performance of an SSB with 30Khz SCS yields similar performance as an SSB with 60Khz SCS with low delay spread channel. This is shown in Figure 1 and Figure 2. 
With 60Khz SCS for SSB, the SSB detection complexity is increased due to the increased SSB transmission bandwidth compared to 30Khz SCS. The additional signalling change may also be required in PBCH when the 60Khz SCS is added for the initial acquisition. On the other hand, the 60Khz SCS for both SSB and data allows easier channel multiplexing from gNB’s transmission. It also allows less time span for SSB burst set transmission, which is more beneficial for DRS transmission with shorter duration for low LBT category (1ms can fit 8 SSBs with 60Khz SCS). On the other hand, if RMSI needs to be delivered, and there is limited resource to FDM RSMI PDSCH with SSBs within 20MHz bandwidth, the DRS to transmit 8 SSBs may not be always shorter than 1ms. It was also agreed in RAN1 #94bis that for unlicensed PCell, the UE assumes single SSB numerology per band. Since 30KHz SCS SSB is already defined in NR Rel.15, it is straightforward to use 30KHz SCS for cell defining SSBs. As a result, the benefit of supporting shorter DRS burst using 60KHz SCS SSB is more obvious when the SSBs are not cell defining.
[image: ]
[bookmark: _Ref521674581]Figure 1. SSB detection performance with 60Khz SCS
[image: ]
[bookmark: _Ref521674572]Figure 2. SSB detection performance with 30Khz SCS
Based on the above simulations, we can make the following observations: it is beneficial to support both 30Khz and 60Khz SCS for SSB transmission to consider different use cases. However, the 60KHz SCS SSB, if supported, can be designed for non-cell defining SSB only.

[bookmark: a]Observation 1: SCS for SSB in NR-U SUB-7GHZ BAND should consider the trade-off on the performance, implementation complexity, signaling change on top of NR as well as the LBT impact. It is in general beneficial to support both 30Khz SCS and 60Khz SCS for SSB transmissions for different use case, while 60 KHz SCS SSB is defined for non-cell defining SSBs only.

[bookmark: b]Proposal 2: SSB transmission with 60Khz SCS can be considered for NR-U for non-cell defining SSB.

In RAN1#93 the following was agreed with respect to the initial DL/UL BWP in NR-U:
· Initial active DL/UL BWP is approximately 20MHz for 5GHz band
· The final value will be quantized to number of PRBs
· Initial active DL/UL BWP is approximately 20MHz for 6GHz band if similar channelization as 5GHz band is used for 6GHz band
· FFS: Initial active DL/UL BWP for other applicable bands, including 60GHz

With 30Khz SCS, the SSB does not occupy the entire initial BWP and it is beneficial to allow RMSI to be multiplexed with SSB in frequency domain. In NR, TDM multiplexing of SSB and RMSI coreset is supported and FDM of RMSI PDSCH and SSB is supported by scheduling decision and default PDSCH SLIV configuration. However, more flexibility in the PDSCH SLIV configuration might be needed to naturally support SSB/RMSI coreset/RMSI PDSCH delivery with no gap in the transmission.
[bookmark: c]Proposal 3: Enhance default PDSCH SLIV table to support continuous DRS delivery.

Initial Signal
In RAN1#93 the following was agreed with respect to the initial access procedure in NR-U:
· Benefits of using a signal that facilitates its detection with low complexity can be investigated including all/part of the following scenarios/use cases: 
· UE power saving
· Improved coexistence
· Spatial reuse at least within the same operator network 
· Serving cell transmission burst acquisition
· FFS: further usage scenarios
In this section, we discuss the initial signal transmission where the initial signal consists of two parts: wake-up signal and channel usage indicator.

3.1 DL Wake-up Signal (WUS)
In this section, we discuss on introducing wake-up signal for UE power saving.
Due to the potential asynchronous LBT in NR-U, a node may gain medium access in the middle of a slot and may not want to defer its transmission till slot boundary. Mini-slot scheduling and monitoring have been discussed in NR-U to allow the transmission to start in the middle of a slot to minimize the overall system overhead. However, if UE always monitors PDCCH at mini-slot granularity, the UE power consumption is significantly increased. It will be more energy efficient if the UE monitors the wake-up signal and upon detection of WUS, it proceeds to the PDCCH monitoring and the WUS can be designed to allow low complexity detection. In addition, the WUS may not be aligned with symbol boundary with asynchronous neighbours. 
The use cases of WUS in NR-unlicensed include:
A. PDCCH monitoring power saving.
B. More starting positions for TxOP without significantly impacting power consumption
C. Preamble for channel usage indicator transmission


Figure 3. WUS use case A: Wake up signal for PDCCH monitoring
For use case A, WUS helps to skip the PDCCH monitoring for better power saving. The PDCCH monitoring involves multiple computation steps including FFT, channel estimation, de-mapping, and Polar code decoding of multiple decoding candidates. Better battery life can be achieved if these processing steps are conditioned on a simple WUS detection.


Figure 4. WUS use case B: Wake up signal for flexible TxOP starting position indication
In LTE LAA, the TxOP can start at slot level. To support more starting positions within a NR slot, the UE needs to be configured to monitor PDCCH more frequently, which translates to higher power consumption. If a WUS is introduced before the actual TxOP starts, the PDCCH based processing can be skipped when WUS is not detected, which allows more flexible starting positions to be supported without significantly impacting the power consumption.


Figure 5. WUS use case C: Wake up signal for CUI detection
When channel usage indicator as discussed in Section 4.2 is used across different NR-U nodes for better reuse, the CUI transmission can be asynchronous as different NR-U nodes may not be time aligned, especially when they are from different operators. Then to detect the CUI from other nodes, we will need to recover the timing for CUI transmission, assuming CUI is using OFDM waveform. The WUS can serve that purpose. The WUS can be detected in asynchronous fashion and the WUS can provide the timing needed for the CUI detection. 
For the waveform for WUS, we need to keep in mind that the waveform should support low power consumption detection. We can consider NR-PSS/SSS type waveform to reuse the PSS/SSS detection mechanism already available in NR UE. However, the NR-PSS/SSS waveform is relatively narrow band, and in some unlicensed bands, the PSD limitation enforced by regulators may not allow the NR-PSS/SSS type waveform to be transmitted with full power. 
Alternatively, wideband waveform that support auto-correlation based detection can be supported. The wideband waveform supports full power transmission, and the auto-correlation based detection typically can be supported with lower power consumption
[bookmark: e]Proposal 4. Further study the design and usage of wake-up signal in NR-U
For the waveform for WUS, we will need a design that supports low complexity detection, time domain detection (if asynchronous detection is needed), and reasonably good coverage. The following two options can be considered:
· Narrow band waveform like what is used for PSS
· Wideband waveform formed by repeating short sequence, like the waveform used by WiFi STF
For the narrow band option, if a similar sequence like PSS is used, we can most likely reuse the design of PSS detection. In hardware implementation, the same circuit and algorithm for PSS detection can be reused as well. The waveform is relatively narrow band, so the complexity of cross-correlation based time domain detection is relatively low. A downside of this design is the transmission under PSD limitation. In that case, due to the narrow band nature of the signal, the transmit power of the waveform can be limited which will limit the coverage of the waveform.
On the other hand, if wideband repeated short sequence is used, since the signal is wideband, the transmission under PSD limitation will not be a problem. However, since the sampling rate of the waveform is high, cross-correlation based time domain detection will be of high complexity. Instead, typically an auto-correlation based detector is used which has much lower complexity but comes at expense of degraded performance when compared with a cross-correlation based solution.
Both options have their pros and cons. We propose to study them both and pick one.
[bookmark: f]Proposal 5. For the waveform for WUS, consider PSS/SSS like waveform and wideband repeated short sequence type waveform.
In addition, if the WUS can be designed to be technology neutral, it can be understood by nodes with different RAT to achieve better coexistence. Additionally, if the WiFi preamble is used as the technology neutral WUS, according to the current ETSI regulation, it is possible to use a more friendly -62dBm ED threshold for 5GHz band. The benefit of using this special WUS needs to be further studied in coexistence simulations. On the other hand, since the WiFi preamble may not have the same coverage as the NR waveform, this preamble may not be able to serve all the targeted functionalities of the initial signal being considered. 
[bookmark: g]Proposal 6. A technology neutral WUS can be considered for improved coexistence between different RAT.

3.2 Channel Usage Indicator (CUI)
In this section, we discuss on introducing Channel Usage Indicator (CUI) signal to support more accurate channel reuse and SINR trade-off. More details are listed in our companion paper [4].
For the waveform for the CUI, it is preferred to reuse existing NR waveform, instead of having a completely new design. Some potential waveform design options include reusing PDCCH design, or reusing PUCCH design. Between the two options, we believe PDCCH waveform is more suitable due to the following reasons:
The CUI needs to carry some payload information (NAV information and a flag to distinguish transmitter or receiver), so PUCCH formats with 1-2 bits payloads are not helpful.
The CUI waveform needs to be transmitted from both gNB and UE. Since NR UE already support both DFT-s-FDM waveform and OFDMA waveform, it is more natural to use OFDMA waveform for CUI
The CORESET configuration that includes parameters such as bandwidth, time domain length, interleaving or not, different aggregation levels for the DCI is more flexible than the PUCCH waveforms. Thus it is easier to find a good configuration to fit the purpose and match the performance requirement
If PDCCH waveform is picked for CUI transmission, we will need to define a control resource set (CORESET) structure for carrying the CUI. Since the CUI needs to be detected across operators, some coordination is needed on the CORESET configuration. 
[bookmark: h]Proposal 7: Reuse NR PDCCH waveform for CUI transmission from both gNB and UE.

 CORESET Configuration and PDCCH and PDSCH transmission
Due to the large bandwidth of unlicensed bands, a natural and low complexity implementation is to configure the UE to operate in wide BWP, such as 80MHz. However, due to the potential WiFi neighbours nearby, the channel access is still using 20MHz resolutions. As a result, for each TxOP, possibly only a subset of the 20MHz subbands in the wide BWP can be used. The CORESET configuration needs to handle different LBT results. 
A straightforward way is to have multiple CORESET configured in frequency domain where each CORESET is confined within each subband. Note current NR only allows up to three CORESETs configured for UE per each BWP, when a wideband BWP consists of more than three subbands, one may need to increase the number of CORESETs to accommodate more LBT subbands. 
Another approach is to have wideband CORESET configuration where each decoding candidate is self-contained within a subband. gNB can therefore, choose to send PDCCH with the candidates corresponding to the subbands with channel access. However, on the UE side, before the actually subband usage information is known (such as at the beginning of the TxOP), the UE can only attempt to decode all PDCCHs candidates in all subbands. Then the decoding candidates should be uniformly distributed over all subbands in the BWP. On the other hand, in the middle of the TxOP, when only a subset of subbands are in use, may not want to waste blind decoding on the part of coreset that is not being used. 
In addition, to reduce the medium overhead, gNB may start transmission in the middle of a slot without deferring till slot boundary. One way to achieve this is to have gNB schedule data with mini-slot granularity. To reduce the PDCCH overhead and UE monitoring complexity, the mini-slot based scheduling can be applied in the beginning of the TXOP while slot level scheduling can be used in later slots of the TXOP. To reduce the PDCCH overhead, the CORESET with mini-slot granularity may be different compared to the CORESET with slot granularity. However, this approach will require a high capability UE (which can perform mini-slot level PDCCH monitoring) and leads to higher power consumption as the UE needs to stay awake for the PDCCH monitoring outside TxOP and at the beginning of the TxOP. 
An alternative approach to support more flexible TxOP starting point is to use puncturing based PDSCH transmission. The puncturing based flexible starting point was introduced for PUSCH transmission in LTE-LAA. The technique was not applied for DL mainly because LTE subframe starts from control region, and when control region is punctured, the PDSCH grant cannot be detected. For NR, more flexibility was introduced in scheduling and we can study if there are ways to support PDSCH puncturing based flexible TxOP starting point as well. The main benefit of having such design is the UE does not need to monitor the PDCCH very frequently, so a low capability UE can be served at the beginning of TxOP. 

[bookmark: i]Proposal 8: Consider a wideband BWP which consists of multiple subbands where gNB may be able to transmit on a subset of the subbands based on the LBT results.
Proposal 9: Wideband CORESET is configured with subband-contained decoding candidates.
Proposal 10: gNB may start transmission in the middle of a slot to minimize medium overhead. The current NR PDSCH transmission type B with 2/4/7 symbol duration can be reused for NR-U.
Proposal 11: For UEs with mini-slot monitoring capability, UE may be configured with different CORESET configuration with mini-slot based scheduling compared to the one with slot based scheduling.
Proposal 12: For UEs with mini-slot monitoring capability, UE may be configured with mini-slot based scheduling granularity in the initial slot(s) and switch to slot based scheduling in the later slots per TXOP. The PDCCH monitoring caity in n be further assisted via WUS detection.
Proposal 13: For UEs without mini-slot monitoring capability, gNB may use puncturing based transmission to support transmission starting in the middle of a slot. The exact mechanism on signaling and transmission need to be further considered. 

 CSI-RS
In NR, CSI-RS transmission can be periodic, semi-persistent, and aperiodic. In NR-U, due to the LBT requirement for DL transmission, aperiodic CSI-RS fits the opportunistic transmission of an TxOP. On the other hand, NR periodic CSI-RS and semi-persistent CSI-RS cannot carry over to NR-U directly, consider the configured transmission opportunity may not be useable due to LBT failure. 
Simple changes to period and semi-persistent CSI-RS can be introduced to make it more LBT friendly. For example, if the periodic and semi-persistent CSI-RS are configured, they can be only transmitted when the configured transmission opportunity falls in the DL portion of a TxOP. On the UE side, if the processing of periodic and semi-persistent CSI-RS is conditioned on the detection of TxOP start, these CSI-RS types can still be supported in NR-U, as a scheduler choice.
[bookmark: j]Proposal 14. All periodic, semi-persistent, and aperiodic CSI-RS can be supported in NR-U, while the transmission and processing of periodic and semi-persistent CSI-RS should be conditioned on the detection that the transmission opportunity falls in the DL portion of a TxOP.

 SFI enhancements
SFI feature was introduced in Rel.15 NR to indicating to the UE on the format of slot(s). The UE configured to monitor the SFI will be informed the OFDM symbols in a slot or a sequence of slots to be DL, UL, or flexible.
In LTE-LAA, C-PDCCH was introduced to indicate to the UE the structure of TxOP, including the length of DL portion of TxOP, the length of gap, and the length of UL portion. 
As we can see, the key functionality of C-PDCCH can be achieved by using SFI. However, the Rel.15 NR SFI functionality is limited as the slot formats that can be indicated, and the monitoring of the GC-PDCCH carrying SFI were optimized for licensed operation. For NR-U, it is possible some enhancements to the SFI are needed to make it more unlicensed operation friendly.
Some features already in LTE-LAA C-PDCCH that can be considered to be includes:
· 2-stage PUSCH trigger
· COT sharing indicator for AUL
Some additional features to be considered for SFI includes
· Using GC-PDCCH carrying SFI to indicate the subband usage is subband LBT is applied 
[bookmark: k]Proposal 15: NR SFI can be enhanced to support the functionality of LTE-LAA C-PDCCH, and support subband based channel access.

 Summary
In this section, we summarize the DL waveform design options for NR-U in SUB-7GHZ BAND along with the performance evaluation. We have the following observations and proposals.
Observation 1: SCS for SSB in NR-U SUB-7GHZ BAND should consider the trade-off on the performance, implementation complexity, signaling change on top of NR as well as the LBT impact. It is in general beneficial to support both 30Khz SCS and 60Khz SCS for SSB transmissions for different use case, while 60 KHz SCS SSB is defined for non-cell defining SSBs only.
Proposal 2: SSB transmission with 60Khz SCS can be considered for NR-U for non-cell defining SSB.
Proposal 3: Enhance default PDSCH SLIV table to support continuous DRS delivery.
Error! Reference source not found.Proposal 4. Further study the design and usage of wake-up signal in NR-U
Proposal 5. For the waveform for WUS, consider PSS/SSS like waveform and wideband repeated short sequence type waveform.
Proposal 6. A technology neutral WUS can be considered for improved coexistence between different RAT.
Proposal 7: Reuse NR PDCCH waveform for CUI transmission from both gNB and UE.
[bookmark: _GoBack]Proposal 8: Consider a wideband BWP which consists of multiple subbands where gNB may be able to transmit on a subset of the subbands based on the LBT results.
Proposal 9: Wideband CORESET is configured with subband-contained decoding candidates.
Proposal 10: gNB may start transmission in the middle of a slot to minimize medium overhead. The current NR PDSCH transmission type B with 2/4/7 symbol duration can be reused for NR-U.
Proposal 11: For UEs with mini-slot monitoring capability, UE may be configured with different CORESET configuration with mini-slot based scheduling compared to the one with slot based scheduling.
Proposal 12: For UEs with mini-slot monitoring capability, UE may be configured with mini-slot based scheduling granularity in the initial slot(s) and switch to slot based scheduling in the later slots per TXOP. The PDCCH monitoring caity in n be further assisted via WUS detection.
Proposal 13: For UEs without mini-slot monitoring capability, gNB may use puncturing based transmission to support transmission starting in the middle of a slot. The exact mechanism on signaling and transmission need to be further considered. 
Proposal 14. All periodic, semi-persistent, and aperiodic CSI-RS can be supported in NR-U, while the transmission and processing of periodic and semi-persistent CSI-RS should be conditioned on the detection that the transmission opportunity falls in the DL portion of a TxOP.
Proposal 15: NR SFI can be enhanced to support the functionality of LTE-LAA C-PDCCH, and support subband based channel access.
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