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1	Introduction
In this paper, we discuss the benefits of aperiodic reference signal transmissions for unlicensed spectrum and propose improvements for both CSI-RS and SRS to further improve their utility in NR-U.
[bookmark: _Ref178064866]2	Discussion
Generally speaking, the use of periodic and semi-persistent reference signals, e.g., CSI-RS and SRS, is not well-suited to operation in unlicensed spectrum due to uncertainties in accessing the channel when applying listen-before-talk (LBT). If LBT fails prior to a particular period, then that period must be dropped, thus reducing the utility of these reference signals for their designed purpose to enable channel sounding and tracking. Furthermore, due to the asynchronous nature of channel access, it is fundamentally impossible to pre-configure a periodic/semi-persistent CSI-RS/SRS transmission such that each period aligns with a gNB acquired COT in order to make use of Cat1 or Cat2 LBT for CSI-RS and SRS.
One counter example of an “always-on” periodic signal/channel that cannot be avoided is SS/PBCH blocks, potentially multiplexed with SIB1 in a DRS. Periodic transmission of SS/PBCH blocks are needed for initial access, mobility, synchronization, RLM, etc. To manage the uncertainty of channel access, a DRS transmission window is being defined for NR-U in which each period of the DRS is allowed to shift in time if LBT fails, thus minimizing the possibility of dropping DRS transmissions. 
For other periodic/semi-persistent signals such as CSI-RS and SRS, the design of such transmission windows is not motivated, as aperiodic versions of these signals are already supported in NR Rel-15. Aperiodic triggering is much better suited to operation in unlicensed bands, as it is easy to align transmissions within a shared COT acquired by the gNB. CSI-RS can be frequency division multiplexed with an ongoing PDSCH transmission within a shared COT, and SRS can be aperiodically triggered for immediate transmission after a short hardware turnaround time in a shared COT. Alternatively, SRS can be time division multiplexed with zero gap after a PUSCH transmission in a shared COT.
As just mentioned, aperiodic CSI-RS and SRS are supported already in NR Rel-15; however, there is room for improvement in the configuration and triggering process that would make them even better suited to operation in unlicensed spectrum. Such improvements are discussed in the following two sections, first for CSI-RS then for SRS.
2.1	“Stand-alone” Aperiodic CSI-RS for Tracking
In NR Rel-15, the UE expects to be configured with a set of 2 or 4 single-port periodic CSI-RS resources for the purposes of time/frequency tracking in order to aid in demodulation of PDSCH. To distinguish that the CSI-RS resources are to be used for time/frequency tracking, the higher layer parameter trs-Info is configured within the set. The collection of CSI-RS resources in the set is commonly referred to as a tracking reference signal (TRS), and it has periodicity 10, 20, 40, or 80 ms. The slot offsets for the CSI-RS resources in the set are configured such that the first pair of resources in a period are transmitted in one slot, and the 2nd pair (if configured) are transmitted in the next (adjacent) slot. Figure 1 shows an example configuration of one period and one PRB of the CSI-RS resources. While this diagram shows that the CSI-RSs are located at OFDM symbols {4,8}, other configurations are possible, i.e., symbols {5,9} and {6,10} for FR1. The minimum bandwidth of each CSI-RS resource is either 52 PRBs or equal to the number of PRBs of the active BWP, whichever is smaller.
[image: ]
[bookmark: _Ref3548522]Figure 1: Exemplary configuration of periodic CSI-RS for tracking (periodic TRS) illustrating one period and one PRB.
The configuration rules for ap-TRS are described in Section 5.1.6.1.1 of 38.214 [1] as follows:
[bookmark: _Hlk513060382]A UE in RRC connected mode is expected to receive the higher layer UE specific configuration of a NZP-CSI-RS-ResourceSet configured with higher layer parameter trs-Info.
…
[bookmark: _Hlk513180296][bookmark: _Hlk512260067]A UE configured with NZP-CSI-RS-ResourceSet(s) configured with higher layer parameter trs-Info may have the CSI-RS resources configured as:
-	Periodic, with the CSI-RS resources in the NZP-CSI-RS-ResourceSet configured with same periodicity, bandwidth and subcarrier location
-	Periodic CSI-RS resource in one set and aperiodic CSI-RS resources in a second set, with the aperiodic CSI-RS and periodic CSI-RS resource having the same bandwidth (with same RB location)and the aperiodic CSI-RS being 'QCL-Type-A' and 'QCL-TypeD', where applicable, with the periodic CSI-RS resources …
In other words, the UE expects to be configured with periodic TRS (p-TRS), and may additionally be configured with aperiodic TRS (ap-TRS). Furthermore, the time/frequency mapping of ap-TRS should be identical to that of p-TRS, and the UE shall assume that the ap-TRS is QCL’d with the p-TRS with respect to all QCL parameters. The strict relationship of ap-TRS to p-TRS was introduced in specifications since ap-TRS was agreed very late in NR Rel-15.
As mentioned previously, the use of periodic reference signals is not well-suited to operation in unlicensed spectrum due to uncertainties in accessing the channel when applying listen-before-talk (LBT). If LBT fails prior to a particular period of TRS, then that period must be dropped, thus reducing the utility of these reference signals for time/frequency tracking. Hence, it is beneficial for operation in unlicensed to relax the strict relationship between aperiodic and periodic TRS so that ap-TRS can be used without requiring that p-TRS be configured. We refer to this as “stand-alone” ap-TRS. With stand-alone ap-TRS, the TRS can be triggered during a gNB acquired COT such that the UE may reliably perform fine time/frequency tracking within a COT to support PDSCH demodulation. This is in contrast to p-TRS for which it is not guaranteed that a period of p-TRS aligns with the COT.
If the strict relationship is relaxed, a stand-alone ap-TRS still needs a source QCL reference to be configured, and it is natural that the same QCL source(s) as supported for p-TRS in NR Rel-15 should be allowed. The allowed QCL sources for p-TRS are listed in Section 5.1.5 of 38.214 [1] as follows:
For a periodic CSI-RS resource in a NZP-CSI-RS-ResourceSet configured with higher layer parameter trs-Info, the UE shall expect that a TCI-State indicates one of the following quasi-colocation type(s):
-	'QCL-TypeC' with an SS/PBCH block and, when applicable, 'QCL-TypeD' with the same SS/PBCH block, or
-	'QCL-TypeC' with an SS/PBCH block and, when applicable,'QCL-TypeD' with a CSI-RS resource in an NZP-CSI-RS-ResourceSet configured with higher layer parameter repetition, or
In other words, it can be indicated to the UE that the p-TRS is quasi-co-located with an SS/PBCH block with QCL-TypeC and QCL-TypeD, if applicable. Alternatively, the QCL-TypeD source, if applicable, can be indicated as a CSI-RS configured for the purposes of beam management.
Based on the above discussion, we propose the following
[bookmark: _Toc3828149]Support a “stand-alone” configuration of a set of aperiodic CSI-RS resources for tracking (ap-TRS) in which co-configuration of a set of periodic CSI-RS resources for tracking (p-TRS) is not required. The UE shall expect to be configured with the same QCL source(s) for ap-TRS as for p-TRS in NR Rel-15.
2.1.1	Radio Link Monitoring (RLM) Considerations
Typically p-TRS is the QCL source for PDCCH reception and this is indicated to the UE through a TCI state configured with p-TRS. As shown in the below extract from Section 5 of 38.213 [2], if the UE is not configured with a set of RS(s) for radio link monitoring (RLM) purposes, i.e., is not configured by higher layer parameter RadioLinkMonitoringRS, it uses a default RS for RLM. The default RS is typically the p-TRS contained in the TCI state that  indicates the QCL source for PDCCH monitoring. Further, this extract also states that the UE is not expected to perform RLM on an aperiodic RS, e.g., ap-TRS.
A UE can be configured for each DL BWP of a SpCell [11, TS 38.321] with a set of resource indexes, through a corresponding set of RadioLinkMonitoringRS, for radio link monitoring by failureDetectionResources. The UE is provided either a CSI-RS resource configuration index, by csi-RS-Index, or a SS/PBCH block index, by ssb-Index.
…
If the UE is not provided RadioLinkMonitoringRS and the UE is provided for PDCCH receptions TCI states that include one or more of a CSI-RS
-	the UE uses for radio link monitoring the RS provided for the active TCI state for PDCCH reception if the active TCI state for PDCCH reception includes only one RS
…
-	the UE is not required to use for radio link monitoring an aperiodic or semi-persistent RS
Clearly, a consequence of configuration of stand-alone ap-TRS is that p-TRS is not available for radio link monitoring. In this case, SS/PBCH blocks can be configured for RLM purposes for operation in unlicensed spectrum to provide a reliable periodic RS to take the place of p-TRS. This is supported already in NR Rel-15 as shown in the first paragraph of the above extract. Moreover, this is a more reliable RS for RLM, since a DRS transmission window is being designed for NR-U to minimize the possibility for dropping SS/PBCH bursts due to LBT failure. No such window has been proposed for p-TRS.
Since SS/PBCH block(s) can be configured as RLM RS(s) for operation in unlicensed spectrum, the fact that p-TRS is not present is not problematic. We reiterate that no spec change is needed for this; it can be ensured by gNB implementation. In general, for operation in unlicensed spectrum where there are uncertainties in channel access, any opportunity for the UE to avoid going out-of-sync due to the absence of RLM RSs due to LBT failure should be exploited. Also, if there are additional opportunities for the UE to recognize that radio conditions are truly poor, it is beneficial for the UE to make use of additional RLM RSs to determine this. For example, an ap-TRS transmitted in a shared COT can be used for this purpose.
Based on this discussion, it is natural for the UE to augment RLM procedures based on SS/PBCH block(s) by including the ability to perform RLM based on aperiodic RSs, e.g., ap-TRS. Hence we propose the following 
[bookmark: _Toc3828150][bookmark: _GoBack]If SS/PBCH block(s) are configured for radio link monitoring (RLM), support configuration of aperiodic CSI-RS for tracking (ap-TRS) to augment RLM procedures.
2.2	Enhanced Flexibility for Triggering Aperiodic SRS
In RAN1#96, the following agreement was made to enhance the flexibility of candidate time domain locations within a slot where SRS may be transmitted: 
Agreement:
Suppport configuration of an SRS resource in additional OFDM symbol locations other than the last 6 symbols of a slot with PUSCH and SRS time division multiplexed as in Rel-15.
· FFS: which symbols locations.

This is beneficial for unlicensed operation, since it can enable more flexible time domain multiplexing of UL signals, e.g., SRS and PUSCH. For example, if SRS is allowed to precede PUSCH, gaps in UL transmission may be avoided in various scenarios.
While this offers improved flexibility for triggering aperiodic SRS, there is a remaining issue in NR Rel-15 that still limits the flexibility. Specifically, when a set of SRS resources is configured by RRC, a slot offset  is configured as part of the set configuration. Based on this pre-configured offset, if the PDCCH that triggers the aperiodic SRS is transmitted in slot , then the SRS resource(s) in the set are actually transmitted in slot . Since there are only a limited number of DCI codepoints in the 2-bit SRS request field in DCI for triggering SRS resource sets, there are only a limited number of triggering possibilities that can be pre-configured. In unlicensed operation, which is effectively based on dynamic TDD operation, there is no deterministic pattern for which slots/symbols are classified as UL (for which SRS may be transmitted) and which ones are classified as DL. Hence such rigid configuration of slot offsets imposes undesirable constraints on when PDCCH must be transmitted for triggering aperiodic SRS.
We note that such rigid configuration of slot offsets is less flexible than SRS triggering in LTE. In LTE, one may trigger an SRS, and the next available UL opportunity for SRS transmission is used, rather than a specific slot offset with respect to the PDCCH trigger. In our view, for unlicensed operation, it is desirable to re-introduce such LTE-like behaviour for SRS triggering. Introducing this behaviour is quite simple – no change is needed to the RRC configuration of slot offsets. Instead, the specification of UE behaviour is modified such that the UE interprets the slot offset as a lower bound on triggering delay. If this lower bound happens to coincide with a slot/symbols available for UL transmission, then the SRS is transmitted. Otherwise the SRS is transmitted in the next slot/symbols available for UL transmission. Based on this we propose the following:
[bookmark: _Toc1125977][bookmark: _Toc3828151]For a set of aperiodic SRS resources with slot offset configured as k slots, support SRS transmission in slot n + k + , where n indexes the slot in which the PDCCH containing the SRS trigger is received, and  is the smallest integer larger than 0 such that the OFDM symbols of the SRS resources in the set coincide with OFDM symbols available for UL transmission.
Conclusion
Based on the discussion in this paper we propose the following:
Proposal 1	Support a “stand-alone” configuration of a set of aperiodic CSI-RS resources for tracking (ap-TRS) in which co-configuration of a set of periodic CSI-RS resources for tracking (p-TRS) is not required. The UE shall expect to be configured with the same QCL source(s) for ap-TRS as for p-TRS in NR Rel-15.
Proposal 2	If SS/PBCH block(s) are configured for radio link monitoring (RLM), support configuration of aperiodic CSI-RS for tracking (ap-TRS) to augment RLM procedures.
Proposal 3	For a set of aperiodic SRS resources with slot offset configured as k slots, support SRS transmission in slot n + k + , where n indexes the slot in which the PDCCH containing the SRS trigger is received, and  is the smallest integer larger than 0 such that the OFDM symbols of the SRS resources in the set coincide with OFDM symbols available for UL transmission.
 
[bookmark: _In-sequence_SDU_delivery]References
[bookmark: _Ref3818536][bookmark: _Ref174151459][bookmark: _Ref189809556]3GPP TS 38.214, “Physical layer procedures for data,” v15.4.0, December 2018.
[bookmark: _Ref3823595]3GPP TS 38.213, “Physical layer procedures for control,” v15.4.0, December 2018.

	4/4	
image1.png
Subcarrier Index

B
o R

O R N WHRUON®O

Slot n

Slotn+1

8

9

10 11 12 13 O 1
OFDM Symbol Index

2

3

8

9

10 11 12 13





