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1	Introduction
The adoption of NR in unlicensed bands requires some adaptation to comply with regulations. Two requirements are found in regulations:
1. Occupied channel bandwidth (OCB).
2. Maximum Power Spectral Density (PSD)
For example, both these requirements are enforced for 5 GHz carriers according to ETSI 301 893 while only the maximum PSD requirements are enforced in the US regulation for 5GHz. More detailed listings of ETSI regulation can be found in [1].
Due to such requirements, spread spectrums signaling techniques - e.g. frequency interlaced transmissions - are being considered for NR-U. With that, we note the following agreement made in RAN1#94: 
Agreement #1:
· For scenarios in which a block-interlaced waveform is used for PUCCH/PUSCH, it has been identified that from FDM-based user-multiplexing standpoint it can be beneficial to have UL channels on a common interlace structure, at least for PUSCH, PUCCH, associated DMRS, and potentially PRACH
· Note: This is only from a user-multiplexing perspective. Other aspects of PRACH design need to be considered, i.e., timing estimation accuracy, miss detection rate, PAPR, RACH capacity, transmission power
· For scenarios in which a contiguous allocation for PUSCH and PUCCH is used, it is beneficial to use contiguous resource allocation for PRACH
· FFS: Potential LBT blocking due to TA difference between FDM’d PUSCH, PUCCH, and PRACH

On numerology, we had the following agreement in RAN1#94:

Agreement #2:
· It is identified that being able to operate all DL signal/channels with the same numerology for a carrier and at least for intra-band CA on serving cells on unlicensed bands has at least the following benefits (at least for standalone operation, FFS whether this is benefit is realizable for inter-operator measurements)
· Lower implementation complexity (e.g., a single FFT, no switching gaps)
· Lower specification impact
· No need for gaps for measurements on frequencies with a configured serving cell in unlicensed bands
· It is identified that being able to operate all UL signal/channels with the same numerology for a carrier and at least for intra-band CA on serving cells on unlicensed bands has at least the following benefits 
· Lower implementation complexity (e.g., a single FFT, no switching gaps)
· Lower specification impact
· Common interlace structure
· No need for gaps for transmission of SRS on a configured serving cell in unlicensed bands
· FFS: PRACH benefits
· FFS: same numerology for DL and UL considering switching gap.

Finally, the following agreement was made in RAN1#94bis:

Agreement #3:
· Within a 20 MHz bandwidth, the following candidate PRB-based interlace designs have been identified where M is the number of interlaces and N is the number of PRBs per interlace in a 20 MHz bandwidth. Where two values are listed for N, it means that some interlaces have one more PRB than others (non-uniform interlace design):
· 15 kHz:
· M = 12, N = 8 or 9
· M = 10, N = 10 or 11
· M = 8, N = 13 or 14
· 30 kHz:
· M = 6, N = 8 or 9
· M = 5, N =  10 or 11
· M = 4, N = 12 or 13
· 60 kHz:
· M = 4, N = 6
· M = 3, N = 8
· M = 2, N = 12
· 60 kHz (assuming 26 PRBs is agreed by RAN4 in a 20 MHz bandwidth):
· M = 4, N = 6 or 7
· M = 2, N = 13
· M = 3, N = 8 or 9
· It is up to RAN4 to investigate whether or not the non-uniform interlace structure has an impact on MPR/A-MPR requirements for PUSCH

2	Considerations for SRS design in unlicensed bands
Uplink (UL) channel state information (CSI) measurements based on sounding reference signals (SRSs) are essential for several procedures. Apart from the ones in LTE for which SRSs has been primarily designed for, e.g., user scheduling and link adaptation, an increased focus appear to be on multi-antenna procedures for both NR and in NR-U. Examples of such are reciprocity-based DL precoder design and beam management. Each of these procedures typically have different requirements on many CSI aspects, e.g., the estimation quality, the time/frequency sampling intervals, etc. A flexible SRS design capable of covering a number of procedures, and meet their CSI requirements, is therefore critical. Such design aspects have been already established in the context of NR [3]. However, there are several design considerations that may differ when it comes to operation in unlicensed bands.
[bookmark: _Hlk510448093]Firstly, NR-U systems are typically envisioned to operate under low mobility scenarios, and in cells of smaller sizes with lower delay spreads. Consequently, the time/frequency coherence regions of the channel are typically larger than in NR systems, and the SRS design should be tuned to such channel differences. Secondly, frequency interlaced transmissions have been agreed at least for PUSCH/PUCCH for NR-U. Since the SRS is, among other aspects, also designed accounting for the nominal transmission bandwidth, e.g. the nominal bandwidth of PUSCH transmissions, the SRS design in NR-U should account for such signaling properties. Based on this we observe the following
[bookmark: _Toc528922555]Compared to NR, channel propagation conditions and signaling aspects may differ in NR-U, and should be considered during SRS design.

With those considerations in mind, we propose the following:
[bookmark: _Hlk510448235][bookmark: _Toc528922549][bookmark: _Hlk502661835]Study the differences both in terms of channel propagation conditions and signaling, that are relevant for SRS design in unlicensed-based NR compared to standard NR operation.

As shown in Agreement #1 above, a common block-interlace structure has been agreed for PUSCH and PUCCH, and it follows naturally that this should be accounted for in the design of SRS.
[bookmark: _Toc528922556]The design of block-interlaced based UL PHY channels, i.e., PUSCH/PUCCH, should be performed jointly with the design of the SRS.

It would be beneficial to have an SRS design using the same common block interlaced structure as for PUCCH/PUSCH from many points of view (e.g. for example the interlace option with M = 5 and N =  10 for 30kHz subcarrier spacing in Agreement#3). For example, if the SRS would be scheduled in the same PUSCH/PUCCH interlaces (but at different OFDM symbols), a number of procedures could be supported for those channels (e.g., link adaptation). On the other hand, the possibility of having the SRS being scheduled at different interlaces than such channels, would allow to FDM multiplex SRS of one user with SRS and/or other UL PHY channels with other users. Under proper scheduling, this ability to efficiently multiplex signals and channels in the same OFDM symbol results in an efficient resource usage. This was not the case, for example, in LTE-LAA where the SRSs were contiguous across frequency and thus an entire OFDM symbol needed to be reserved for SRS transmission since it was not possible to multiplex it with UL PHY channels. Another advantage of having an interlaced SRS structure is that if the SRS is made dense enough in frequency, it allows to have a contiguous estimate of the CSI across the entire band, so that multi-antenna procedures can be efficiently supported (e.g. reciprocity-based DL beamforming). Another reason why an interlaced SRS design is beneficial is because, under a proper design, it allows to meet the OCB requirement. This is important since there might be occasions where SRS transmissions may occur frequently, and thus a design that conforms with the OCB requirement(s) is beneficial. With that,
[bookmark: _Toc528922550]For scenarios in which a block-interlaced waveform is used for PUCCH/PUSCH, it is beneficial that block-based waveform for SRS is adopted using the same common interlace structure as for PUCCH/PUSCH.	

We now remark on subcarrier spacing (SCS) aspects. In agreement #2 above, it is stated that it is beneficial to operate all UL signals on a common numerology. As we discuss further in [4], 30 kHz SCS has advantages from both a deployment flexibility standpoint and a lower specification impact point of view. Hence, in our view it makes sense that an SRS design for 30 kHz SCS is supported. If we consider 30KHz SCS operation, then RAN4 defines 51 available PRBs on a bandwidth of 20MHz. With that, a 5 PRB-based interlace design allows to meet the OCB requirements, which already offers good multiplexing capacity [2].  Based on this, a possible PRB-based interlaced SRS design sketched in Figure 1 in the Appendix. Just like in the previous remarks, a 20 MHz channel is assumed with 30 kHz subcarrier spacing and 5 interlaces. Each interlace have either 10 or 11 PRBs, just like the second interlace candidate for 30KHz SCS in Agreement#3. In a given OFDM symbol, the assignment of SRS resources is flexible and thus it can occupy one or more interlaces. The main intention of the example provided here is to illustrate the multiplexing capacity of having a joint and flexible design between SRSs and UL PHY channels.
With that, we make the following proposal:
[bookmark: _Hlk510449114][bookmark: _Toc528922551]A PRB-interlaced SRS design, using the same common interlace structure as for PUCCH/PUSCH should be supported in sub-7GHz at least for 30 kHz SCS.

Finally, we remark on timing aspects of SRS transmission. When it comes to periodic, semi-persistent or aperiodic transmissions, any such transmissions need to be performed after a successful LBT procedure. For this reason, and due to the random availability of unlicensed channels, it follows that aperiodic transmissions are the most beneficial, in the sense that they allow immediate transmission after the channel becomes available. With that,

[bookmark: _Toc528922552]Aperiodic SRS transmission with zero slot offset is beneficial for NR-U.

Regarding the time allocation of the SRS within a slot, the LBT requirements may call for other SRS slot allocations other than the ones at the end of the slot as in NR Rel. 15. This is motivated as follows: a DCI-triggered transmission of PUSCH can only occur after  OFDM symbols, e.g., 12 OFDM symbols - the preparation time for a UE with capability 1 [5]. If the DCI-triggered request was the sole purpose of the PDCCH transmission (and thus no DL symbols are transmitted after such request) other nodes can sense the channel and start transmitting before  OFDM symbols worth of time have passed, which results in failure of the original PUSCH request and results in an overall inefficient use of spectrum. Proposing lowering  for NR-U to a very small number is not a realistic option to address this issue since UEs need time to process the PUSCH signals for transmission. Instead, front-loaded SRSs transmissions are one option to lower this initial transmission delay. Currently, the preparation time for SRS is also defined to be , and thus 2 separate DCI triggers would needed to be sent (one for SRS and one for PUSCH) where the SRS trigger would be sent before the PUSCH’s. Having two distinct triggers is inefficient, thus a more efficient approach is to decouple the SRS and PUSCH preparation times, and to have a lower preparation time for the SRS in order to trigger SRS and PUSCH in the same DCI. With that, 



[bookmark: _Toc528922553]Front-loaded SRS transmissions should be supported in NR-U.

[bookmark: _Toc528922554]Compared to PUSCH’s preparation time, a lower preparation time for SRS is beneficial. 

3	Conclusion
In the previous sections we made the following observations: 
Observation 1	Compared to NR, channel propagation conditions and signaling aspects may differ in NR-U, and should be considered during SRS design.
Observation 2	The design of block-interlaced based UL PHY channels, i.e., PUSCH/PUCCH, should be performed jointly with the design of the SRS.

Based on the discussion in the previous sections we propose the following:
Proposal 1	Study the differences both in terms of channel propagation conditions and signaling, that are relevant for SRS design in unlicensed-based NR compared to standard NR operation.
Proposal 2	For scenarios in which a block-interlaced waveform is used for PUCCH/PUSCH, it is beneficial that block-based waveform for SRS is adopted using the same common interlace structure as for PUCCH/PUSCH.
Proposal 3	A PRB-interlaced SRS design, using the same common interlace structure as for PUCCH/PUSCH should be supported in sub-7GHz at least for 30 kHz SCS.
Proposal 4	Aperiodic SRS transmission with zero slot offset is beneficial for NR-U.
Proposal 5	Front-loaded SRS transmissions should be supported in NR-U.
Proposal 6	Compared to PUSCH’s preparation time, a lower preparation time for SRS is beneficial.
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4	Appendix
[image: ]
[bookmark: _Ref519864935][bookmark: _Hlk520284009]Figure 1: Exemplary PRB-based interlace design for 30 kHz with 5 interlaces defined over 51 PRBs. Interlaces 2,3,4,5 have 10 PRBs per interlace; Interlace 1 has 11. In this simple example users are multiplexed in different interlaces,  and PUSCH and SRS transmissions are multiplexed in time. 
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