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Introduction
The RAN1-led study item on NR-based access to unlicensed spectrum – focusing on the 5 and 6 GHz bands – was recently completed [1], and an LS was sent informing RAN that RAN1 does not see any issues with proceeding with a WI [2]. A draft WID is contained in [3], and in this contribution, we discuss several aspects relating to the proposed workplan.
Numerology for NR-U
During the SI phase, it was identified as beneficial to operate NR-U with a single numerology for all signals/channels in a particular link direction (DL or UL). An attractive candidate for the single numerology is 30 kHz subcarrier spacing (SCS) with a normal CP (NCP) from both the standpoint of performance and the fact that this numerology is already supported in NR Rel-15. In contrast, adopting 60 kHz has significant specification impact while offering no significant performance benefits. Since the scope of the WI is likely to be quite large (see [3]), we propose to avoid design efforts specific to operating with 60 kHz numerology, e.g., DRS design, design of UL waveform based on sub-PRB interlacing, signalling modifications, etc. In what follows, we elaborate on these points.
Delay Spread in Outdoor Deployments
Delay spreads in outdoor deployments are typically significantly larger than in indoor scenarios. This places a lower bound on the CP duration that should be selected for such deployments. For 30 kHz, the duration of the normal cyclic prefix (NCP) is approximately 2.35 us; for 60 kHz it is 1.17 us. For the latter, this means that the maximum differential delay between a direct path and a reflected path should be less than 1.17 us in order to maintain good performance. The RMS delay spread should be even less to ensure that this constraint is fulfilled in an average sense. Furthermore, the CP should also be able to absorb additional sources of delay, e.g., the differences in delay between two transmit or receive chains, group delays in filters, delays due to synchronization differences between multiple UEs transmitting simultaneously on the UL, etc. This would be much more challenging with the NCP for 60 kHz.
Based on field measurements at 5 GHz [4] in which the gNB is placed on the rooftop of a low rise building and the UE is at ground level at varying distances of 90 – 200m receiving reflections from nearby and distant buildings, RMS delay spreads up to 0.7 us have been observed depending on the UE location. Such a deployment is conceivable, for example, in an outdoor mall or urban square type setting. With this level of delay spread, it was observed that the instantaneous time delay easily exceeds the normal CP duration for 60 kHz SCS (1.17 us). In [4], it is shown that with this delay spread, the SINR (due to noise + ISI) drops to less than 15 dB, which can significantly limit achievable data rates. Simulated link-level performance with delay spreads in the range of [100, 1000] ns has been evaluated based on the TDL-A channel [5]. From these results one can see that above 500 ns, 60 kHz SCS with NCP suffers a performance loss due to excessive ISI. Based on the measurements and simulations referenced here, we observe the following:
[bookmark: _Toc528958084][bookmark: _Toc531103731][bookmark: _Toc531105693][bookmark: _Toc531105718][bookmark: _Toc531115487][bookmark: _Toc531115616][bookmark: _Toc531115623][bookmark: _Toc531115664][bookmark: _Toc531296356][bookmark: _Toc531610949][bookmark: _Toc528958083]30 kHz SCS offers greater deployment flexibility than 60 kHz + NCP. The latter breaks down for RMS delay spreads larger than 500 ns, thus limiting peak rates in outdoor deployments.
Blind Detection of Numerology
During the SI phase, some sources proposed that both 30 kHz and 60 kHz designs for NR-U should be supported in specifications, and that the operator chooses which one to use based on the deployment scenario. This would mean that for standalone deployments, the operating band needs to be defined with both numerologies as candidates. However, it was agreed in RAN1#94b that the UE assumes only a single SSB numerology per band for initial access.
For full deployment flexibility for NR-U, including outdoor scenarios where delay spread can be significant larger, our view is that the single numerology should be 30 kHz + NCP. This is attractive in that it is already supported in specifications today. Another option could be 60 kHz with extended cyclic prefix (ECP) in order to handle larger delay spreads; however, it was agreed in RAN1#95 that ECP for SS/PBCH blocks is not supported for NR-U operation. Furthermore, in NR Rel-15 ECP is optional for data. Considering this, we observe the following:
[bookmark: _Toc528958082][bookmark: _Toc531103730][bookmark: _Toc531105692][bookmark: _Toc531105717][bookmark: _Toc531115486][bookmark: _Toc531115615][bookmark: _Toc531115622][bookmark: _Toc531115663][bookmark: _Toc531296357][bookmark: _Toc531610950]30 kHz SCS for SS/PBCH blocks, which is already supported in NR Rel-15 specifications, is the only viable candidate for initial access in a standalone deployment. This ensures that NR-U is able to operate in a broad range of deployments.
Channel Access Granularity
For NR-U, the channel access granularity can be increased by increasing the subcarrier spacing above the baseline 15 kHz (numerology for LTE-LAA). Considering granularity only, it may appear at first sight that 60 kHz could offer better performance for Type A PDSCH/PUSCH mapping than 30 kHz due to a finer granularity. However, in reality, this is counteracted by the fact that the spectrum utilization in a 20 MHz carrier is lower due to larger guard bands for 60 kHz. Moreover, the use of Type B PDSCH/PUSCH mapping (mini-slots) for 30 kHz offers sufficiently fine granularity already, without incurring the penalty in overhead.
It has also been suggested that latency can potentially be reduced if 60 kHz SCS is used. However, the HARQ feedback delays for 60 kHz currently in NR do not provide any latency benefit compared to 30 kHz. Indeed, processing time for both Capability 1 and 2 UEs roughly doubles when increasing the SCS from 30 kHz to 60 kHz. Furthermore, the impact of the latency reduction on system performance may depend on the type of traffic being carried in the network.
To investigate the various trade-offs, in [6] we evaluated the performance difference between 15, 30, and 60 kHz in the indoor and outdoor scenarios agreed for NR-U evaluations. We found that there is a minimal difference in mean user throughput between 30 and 60kHz subcarrier spacing. Most of the gain comes from increasing the SCS from 15 kHz to 30 kHz. We note that these simulations assumed that the delay spread is contained within the CP for both 30 and 60 kHz. However, as discussed above, in an outdoor environment it is quite possible that the delay spread exceeds the CP duration for the case 60 kHz SCS. Hence, in such scenarios, the performance with 60 kHz would degrade.
[bookmark: _Toc528958085][bookmark: _Toc531103732][bookmark: _Toc531105694][bookmark: _Toc531105719][bookmark: _Toc531115488][bookmark: _Toc531115617][bookmark: _Toc531115624][bookmark: _Toc531115665][bookmark: _Toc531296358][bookmark: _Toc531610951]30 kHz SCS offers the best trade-off between channel access granularity and spectrum utilization even for deployments where the limited cyclic prefix for 60 kHz is not a factor. The largest gain in user throughput is achieved by increasing the SCS from 15 kHz to 30 kHz. Diminishing returns are achieved by increasing further from 30 kHz to 60 kHz.
Specification Impact
During the SI phase, the specification impact of supporting various numerology candidates was identified (see [1], Section 7.2.1.2). It was found that 60 kHz SCS requires additional PHY design work over and above that required for 15 or 30 kHz: (1) A UL waveform design for 60 kHz based on sub-PRB interlacing requires extensive changes to the Rel-15 specifications, including changes to the fundamental building block of NR (the PRB) which affects both reference signal design as well as resource allocation schemes. (2) Design of a DRS for 60 kHz SCS requires revisiting the SS/PBCH block time domain patterns and SS/PBCH block to CORESET configuration tables. (3) Signaling changes are needed to indicate the RACH configuration if 60 kHz is supported in addition to 15 and 30 kHz SCS. Additional signalling design changes to support NSA operation were discussed in the SI phase as well.
[bookmark: _Toc531103733][bookmark: _Toc531105695][bookmark: _Toc531105720][bookmark: _Toc531115489][bookmark: _Toc531115618][bookmark: _Toc531115625][bookmark: _Toc531115666][bookmark: _Toc531296359][bookmark: _Toc531610952]Support for 60 kHz SCS for NR-U requires extensive RAN1 specification effort
Based on the observations made in the previous sections
[bookmark: _Toc528958088][bookmark: _Toc531103239][bookmark: _Toc531103251][bookmark: _Toc531103355][bookmark: _Toc531103401][bookmark: _Toc531105541][bookmark: _Toc531113181][bookmark: _Toc531115481][bookmark: _Toc531115578][bookmark: _Toc531115670][bookmark: _Toc531296363][bookmark: _Toc531296486][bookmark: _Toc531610956]15 and 30 kHz SCS are prioritized for NR-U PHY layer channel design and PHY layer procedure design. 60 kHz SCS is deprioritized during the WI.
Wideband Operation for NR-U
During the SI, it was identified that wideband operation (> 20 MHz) can be supported through two different approaches:
[bookmark: _Hlk531103622]For wideband operation for both DL and UL,
· Bandwidth larger than 20 MHz can be supported with multiple serving cells.
· NR-U should support that a serving cell can be configured with bandwidth larger than 20 MHz. 

The first approach (multiple 20 MHz serving cells) is the same as for LTE-LAA for which RF requirements were developed for both contiguous and non-contiguous carriers. The second approach (serving cell with bandwidth > 20 MHz), however, may introduce complications since it was agreed that listen-before-talk (LBT) is performed in units of 20 MHz, where each unit is referred to as an LBT sub-band. If LBT fails in one or more LBT sub-bands, there is the possibility of non-contiguous transmission/reception within a carrier, as illustrated in Figure 1. The parts of the carrier where LBT failed may have ongoing transmissions from other nodes either in the same network or in other networks. RAN4 has started to consider this issue and has identified that if this transmission mode is allowed, then new in-carrier RF requirements may need to be developed (see RAN4 LS reply in [7]).
[image: ]
[bookmark: _Ref531104662]Figure 1: Wideband carrier operation for NR-U with LBT performed on a 20 MHz basis in each “LBT sub-band.” In this example, LBT fails in 1 out of 4 defined LBT sub-bands.
Within RAN1, several different options have been identified to enable the wideband carrier approach (see [1], Section 7.2.1.1). Two of the options are based on the definition of multiple active bandwidth parts (BWP), e.g., one active BWP per LBT sub-band. This is a non-trivial extension of NR-Rel-15 where only a single active BWP is supported. Moreover, the potential benefits of such an extension are far from clear.
In [8], we analyze the impact of supporting multiple active BWPs. First, we note that in NR licensed and LTE LAA, one HARQ entity is maintained per serving cell/carrier. Hence, one way to support multiple active BWPs is that a single HARQ entity for the wideband carrier is shared amongst the all active BWPs; however, in that case the HARQ process ID space would be limited. An alternative approach would be to maintain a single HARQ entity per active BWP. This requires significant RAN2 standardization effort and carries the risk of breaking backward compatibility. We note that additional complexity is incurred in managing HARQ operation if HARQ retransmissions across active BWPs is allowed. Another area which would be significantly impacted by support for multiple active BWPs is power control. If NR-U were to support multiple active BWPs, it may be necessary to support power headroom (PHR) per BWP since the existing PHR framework per serving cell cannot precisely reflect the power headroom for each BWP.  This would require substantial efforts for both RAN1 and RAN2. Additional aspects that RAN2 would need to consider are listed in [8].
In summary, RAN2 would need to expend significant effort to specify functions which are already feasible/supported within the carrier aggregation framework. 
[bookmark: _Toc531105696][bookmark: _Toc531105721][bookmark: _Toc531115490][bookmark: _Toc531115619][bookmark: _Toc531115626][bookmark: _Toc531115667][bookmark: _Toc531296360][bookmark: _Toc531610953]Multiple active BWPs has significant RAN2 specification impact.
[bookmark: _Toc528958091][bookmark: _Toc531105542][bookmark: _Toc531113182][bookmark: _Toc531115482][bookmark: _Toc531115579][bookmark: _Toc531115671][bookmark: _Toc531296364][bookmark: _Toc531296487][bookmark: _Toc531610957]Multiple active BWPs are excluded from the WI scope.
Technology Neutral Channel Access for 6 GHz Band
The NR-U study item focused primarily on the 5 and 6 GHz bands.
When LAA was introduced in Rel-13 for the 5 GHz band, there were already a significant number of Wi-Fi nodes deployed in the band. This led to the adoption of a coexistence criterion for the 5 GHz unlicensed band which stated that new technologies such as LAA should not impact deployed Wi-Fi more than an additional Wi-Fi network on the same carrier. As documented in TR 38.889 [1], NR-U achieves good coexistence under this same criterion by adopting coexistence methods defined for LTE-LAA for the 5 GHz band plus adopting the recommendations on channel access documented in Section 7.2.1.3.1 of the TR. Evaluations have shown [1] that not only does NR-U coexist well with Wi-Fi, but the performance of the Wi-Fi network significantly improves compared to the baseline performance of a Wi-Fi network coexisting with another Wi-Fi network.
In contrast, the 6 GHz band is greenfield spectrum and there are no existing users that need special consideration. Moreover, multiple technologies are expected to operate in this spectrum when the spectrum becomes available, e.g., NR-U, LTE-LAA, Wi-Fi, etc. Therefore, any coexistence criterion here should clearly be technology neutral. It is impractical to adopt a coexistence criterion based on Technology B not impacting Technology A more than Technology A would impact itself. Such a criterion is highly unlikely to be technology neutral. For example, an IEEE 802.11ac network could cause more harm to an NR-U network than another NR-U network. In 5 GHz, the potential of a negative impact to already deployed Wi-Fi networks led to LAA being designed so as to give preferential channel access to Wi-Fi. For example, Wi-Fi defers to LTE-LAA at ED = -62 dBm, whereas LTE-LAA defers to Wi-Fi at ED = -72 dBm. In the 6 GHz band, there is no need for such protection for existing users and all technologies should access the band on a technology neutral basis.
While it may seem tempting to consider equal airtime as an alternate coexistence criterion, this is unnecessary and impractical. Different technologies (and even different networks of the same technology implementing different features, e.g., different MIMO modes) will likely have different coverage, spectral efficiencies and deployment densities and thus it is difficult to enforce equal airtime across different technologies.
It should be noted that while the definition of a coexistence criterion for spectrum where there are no deployed systems is difficult, it is not necessary to do this if the channel access mechanisms of different technologies use similar principles. For the 5 GHz band, the channel access mechanisms for LTE-LAA were already quite well aligned with the mechanisms used in IEEE 802.11 in most aspects and have been shown to coexist quite well with other technologies. Building upon this channel access mechanism will continue to ensure good coexistence even for 6 GHz. Therefore, it is more important that the channel access mechanisms already defined are used as a baseline with potential for further optimization than trying to define a new coexistence criterion. 
[bookmark: _Toc531610954]Unlicensed 6 GHz spectrum is greenfield spectrum. Consequently, technology neutral channel access mechanisms should be adopted for unlicensed technologies operating in the band. Good coexistence is more effectively achieved by building on the channel access mechanisms already defined for the 5 GHz band rather than attempting to define new technology neutral coexistence criteria.
In the interest of further alignment, it has been proposed that NR-U adopts some version of the preambles used by IEEE 802.11 so that both technologies defer to each other at the same energy level, e.g., -82 dBm in the case of the 802.11a/ax preambles. There are several problems with this approach as discussed below.
First, it is not appropriate or technology neutral for one technology to bear the burden of implementing the preamble of another technology, especially when the preamble is based on fundamentally incompatible numerologies, sampling rates, signal formats, etc. [9][10][11]. Second, such a situation is not future proof, and constrains innovation and development timelines of both technologies. Interoperability testing also becomes a serious challenge. Third, the IEEE 802.11 preambles are used with a dual threshold approach whereby an 802.11 node defers to other 802.11 nodes at a lower threshold (-82 dBm) while deferring to nodes of other technologies at a threshold that is 20 dB higher. This approach has been shown to be harmful to system performance and is fundamentally non-neutral. Lastly, it is not prudent to adopt a dual threshold solution that was developed more than 20 years ago as a solution for new greenfield unlicensed spectrum that is going to be made available in the future when there is an opportunity to do better.
A far simpler approach to achieve better alignment between different technologies in a technology neutral manner is for all technologies to adopt a harmonized energy detect (ED) threshold. This approach has the following advantages:
· [bookmark: _Hlk531545557]It does not require one technology to detect and decode the signals/channels of another technology.
· It enables all nodes to be respected at the same energy level regardless of which technology they use. In [12], we show that when two technologies adopt a harmonized ED threshold, regardless of whether or not one technology operates with its own lower PD threshold, better coexistence, and better overall performance for both technologies is achieved compared to the two technologies using different ED thresholds.
· Even with a harmonized ED threshold, if a particular technology, e.g., 802.11ax, prefers to use preambles to detect nodes of the same technology, this may still be done as a technology choice. In this case, the node may defer to other nodes transmitting preambles at the same level as the common ED level or at a lower level. If it chooses to do so at the same level as the common ED threshold, there is no impact to coexistence. Alternately, the node may also choose to defer to other nodes of the same technology transmitting preambles at a threshold lower than the common ED threshold if there is some performance benefit seen in a particular deployment. In other words, the use of preambles is not precluded by the use of a harmonized ED threshold. 
[bookmark: _Toc528932410][bookmark: _Toc531115492][bookmark: _Toc531115621][bookmark: _Toc531115628][bookmark: _Toc531115669][bookmark: _Toc531296362][bookmark: _Toc531610955][bookmark: _Toc528932411][bookmark: _Toc531115483][bookmark: _Toc531115580]Technology neutral channel access based on the use of a harmonized ED threshold is a key aspect for good coexistence amongst technologies operating in the 6 GHz band. A particular technology may still use a technology-specific preamble for detection at a threshold at or lower than the harmonized ED threshold.
[bookmark: _GoBack][bookmark: _Hlk531278731]The use of a single common ED threshold by different technologies has been discussed in the past. It was discussed during the development of the harmonized standard in ETSI BRAN where an ED threshold of -72 dBm was required and an exception was provided to IEEE technologies to be able to use a dual threshold for preamble and energy detection. As part of the discussions, a compromise was reached in ETSI BRAN [13] to remove this exception as part of the next revision of the standard which would then have required all technologies to use a common ED threshold. A liaison statement was also sent to the IEEE [14] with the following request:
“RAN1 respectfully requests future IEEE 802.11 technologies to align the energy detection threshold used with other technologies operating in the same unlicensed band, e.g., -72 dBm. An energy detection threshold of -72 dBm has been chosen by 3GPP for Rel-13 LAA also with an interest in aligning with other technologies in the future.”
The IEEE duly considered the request and declined to reduce the ED threshold for IEEE 802.11ax [15] due to concerns on coexistence with already deployed 802.11 devices. The reasoning was explained as follows in [16]:
“IEEE 802 declined 3GPP RAN1’s request because it would put 802.11ax systems at a disadvantage compared to billions of existing and future 802.11a/n/ac systems using an ED threshold of -62 dBm and at a disadvantage to any LAA systems not detecting 802.11 preambles at -82 dBm.”
As can be seen from the above, the primary obstacle to adoption of the best technical solution, i.e., a common single threshold for all technologies, has been the presence of deployed devices in 5 GHz and considerations of coexistence and backward compatibility with these devices. The greenfield spectrum in 6 GHz does not have any of these problems and provides an excellent opportunity for adoption of a regime that is beneficial to all. Once again, we point out that even with a harmonized ED threshold, if a particular technology, e.g., 802.11ax, prefers to use preambles to detect nodes of the same technology, this may still be done as a technology choice. In this case, the node may defer to other nodes of the same technology transmitting preambles at the same level as the common ED level or at a lower level. 
Based on the above discussion, we propose to send an LS to the IEEE suggesting joint-consideration of a harmonized ED threshold between 3GPP technologies (NR-U and LTE-LAA) and IEEE technologies (e.g., 802.11ax) operating in the 6 GHz band.
[bookmark: _Toc531115485][bookmark: _Toc531115582][bookmark: _Toc531115673][bookmark: _Toc531296366][bookmark: _Toc531296488][bookmark: _Toc531610958]Send an LS to IEEE suggesting joint-consideration of a harmonized ED threshold between 3GPP technologies (NR-U and LTE-LAA) and IEEE technologies (e.g., 802.11ax) operating in the 6 GHz band.


Conclusions
In this paper, we observed the following:
Observation 1	30 kHz SCS offers greater deployment flexibility than 60 kHz + NCP. The latter breaks down for RMS delay spreads larger than 500 ns, thus limiting peak rates in outdoor deployments.
Observation 2	30 kHz SCS for SS/PBCH blocks, which is already supported in NR Rel-15 specifications, is the only viable candidate for initial access in a standalone deployment. This ensures that NR-U is able to operate in a broad range of deployments.
Observation 3	30 kHz SCS offers the best trade-off between channel access granularity and spectrum utilization even for deployments where the limited cyclic prefix for 60 kHz is not a factor. The largest gain in user throughput is achieved by increasing the SCS from 15 kHz to 30 kHz. Diminishing returns are achieved by increasing further from 30 kHz to 60 kHz.
Observation 4	Support for 60 kHz SCS for NR-U requires extensive RAN1 specification effort
Observation 5	Multiple active BWPs has significant RAN2 specification impact.
Observation 6	Unlicensed 6 GHz spectrum is greenfield spectrum. Consequently, technology neutral channel access mechanisms should be adopted for unlicensed technologies operating in the band. Good coexistence is more effectively achieved by building on the channel access mechanisms already defined for the 5 GHz band rather than attempting to define new technology neutral coexistence criteria.
Observation 7	Technology neutral channel access based on the use of a harmonized ED threshold is a key aspect for good coexistence amongst technologies operating in the 6 GHz band. A particular technology may still use a technology-specific preamble for detection at a threshold at or lower than the harmonized ED threshold.

Based on the discussion in this paper we made the following proposals affecting the scope of the NR WI:
Proposal 1	15 and 30 kHz SCS are prioritized for NR-U PHY layer channel design and PHY layer procedure design. 60 kHz SCS is deprioritized during the WI.
Proposal 2	Multiple active BWPs are excluded from the WI scope.
Proposal 3	Send an LS to IEEE suggesting joint-consideration of a harmonized ED threshold between 3GPP technologies (NR-U and LTE-LAA) and IEEE technologies (e.g., 802.11ax) operating in the 6 GHz band.
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