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In 3GPP RAN Meeting #86, a new work item (WI) on Further enhancements on MIMO for NR (NR_FeMIMO, see RP-193133) was approved. Among the multiple objectives in the WI, the following is concerned with SRS enhancement:
3. Enhancement on SRS, targeting both FR1 and FR2:
a. Identify and specify enhancements on aperiodic SRS triggering to facilitate more flexible triggering and/or DCI overhead/usage reduction
b. Specify SRS switching for up to 8 antennas (e.g., xTyR, x = {1, 2, 4} and y = {6, 8})
c. Evaluate and, if needed, specify the following mechanism(s) to enhance SRS capacity and/or coverage: SRS time bundling, increased SRS repetition, partial sounding across frequency
In this contribution, the SRS enhancements are discussed in detail. See also [3] for some further discussions regarding aperiodic SRS enhancement for interference probing in TDD cooperative MIMO.
Flexible A-SRS triggering
Motivations for enhancements 
Flexible A-SRS triggering is motivated at least for the following reasons:
· Limited triggering information in existing DCIs (1, 2, or 3 bits only)
SRS transmissions are associated with many parameters, such as comb, cyclic shift, transmission bandwidth in terms of the number of PRBs, on UL or SUL of a serving cell, antenna port(s), etc. In existing standards, A-SRS can be triggered via a SRS request field in a DCI, and the field may include 1, 2, or 3 bits. These bits can indicate 1) certain indicated SRS resource set(s) of the current serving cell, or 2) SRS resource set(s) on certain indicated serving cells, or 3) one of the UL and SUL. However, many other SRS transmission parameters cannot be indicated in DCI and can only be specified in RRC configuration signalling. For example, because of the DCI bitwidth limitation, the network may have to configure a few A-SRS resource sets together or configure a few serving cells together, i.e., these sets have to be triggered together, which is highly undesirable. 
In general, the limited triggering information leads to lack of flexibility in many applications as outline below, and hence it is motivated to improve the A-SRS triggering flexibility in Rel-17.
· Lack flexibility in triggering offset (delay)
In existing standards, A-SRS triggering offset is configured via RRC field slotOffset of 1~32 slots, and if this field is not configured, then 0 slot offset is applied. This can be limiting in several cases. For example, when using the group-common (GC) DCI format 2_3 to trigger SRS for a group of UEs on one or more of their serving cells, all the SRS transmissions are to occur after their pre-configured offsets with respect to the same DCI triggering slot. This may impose significant restriction on network’s decision on which slot to send the GC DCI. For another example, SRS triggering by a DL DCI is likely to collide with the A/N associated with the DL DCI, and SRS triggering by a UL DCI is likely to collide with the PUSCH associated with the UL DCI, especially in TDD when the UL slots occur less often. 
In general, the main purpose of A-SRS triggering is to provide flexibility in SRS timing, but the pre-determined timeline in the triggering offset along with the mostly fixed slot structure cannot serve that purpose well. Enhancements are needed in Rel-17.
· Various vital roles of A-SRS 
A-SRS plays vital roles in TDD DL full MIMO CSI acquisition, TDD/FDD UL CSI acquisition, FR2 beam management, frequency-selective scheduling, UL TA maintenance, positioning, etc. As also considered in this WI, it is also crucial for FDD DL performance. However, the lack of flexibility described above in SRS triggering limits the usefulness of SRS. For instance, if SRS is dropped due to collisions caused by inflexibility in triggering offset described above, then CSI acquisition and frequency-selective scheduling may be impacted. Note that CSI acquisition and frequency-selective scheduling can be highly dynamic and therefore P/SP-SRS may not be suitable. In LTE Rel-14 SRS carrier-based switching, autonomous A-SRS retransmission is introduced so that a dropped A-SRS triggered by a DL DCI (i.e., colliding with A/N) would be autonomously retransmitted in the next configured SRS transmission occasion, but this feature is not yet supported in 5G NR.
To make P/SP-SRS and A-SRS well complement each other, P/SP-SRS can be configured with long periodicities (to avoid excessive overhead and complexity) and the network relies on A-SRS for fast response to traffic load and CSI (especially dynamic interference). Therefore, flexible A-SRS triggering can be beneficial in many cases due to various vital roles played by A-SRS and should be supported in Rel-17.
· Yet another motivation: Vital roles of SRS in TDD cooperative MIMO via DL interference probing and mitigation (“SRS probing” for short)
In the recent research [1,2,3,4] and references therein, SRS, especially A-SRS, is found as a critical enabler for cooperative TDD DL interference probing and mitigation. It is worth pointing out that traditionally, SRS can be used for TDD DL channel CSI acquisition but cannot provide DL interference acquisition, especially inter-cell interference (ICI). However, with the approach of TDD cooperative MIMO via DL interference probing and mitigation, A-SRS can provide the network information to mitigate DL interference, including ICI. In the high level, this approach is described as follows:
· In a coordinated area with multiple gNBs, the gNBs perform DL (pre-)scheduling independently and decide PRB/port allocations for their UEs. 
· The gNBs trigger A-SRS so that their UEs transmit A-SRS according to DL (pre-)scheduling results, i.e., a UE (pre-)scheduled on a port in a PRB will sound on that port in that PRB.
· The gNBs estimate interference from the A-SRS by these UEs. If a gNB sees strong interference from a direction, the gNB steers its precoders away from that direction. This precoder adjustment can mitigate DL interference in that direction, and hence UEs in that direction would experience higher SINR.
· Then the gNBs transmit PDSCH on the (pre-)scheduled PRBs/ports with adjusted precoders at the same time.
One way to implement this approach is generally referred to as bi-directional training (BiT) or forward-backward training in the academia literature. Nevertheless, it relies on coordinated SRS transmissions to probe DL interference and then mitigate the DL interference via precoder adjustment, and hence the term “SRS probing” (which we may use interchangeably with BiT). As demonstrated in [3], SRS probing is capable of significantly improving TDD spectrum efficiency (with gains over 50% in various evaluations), and we suggest to provide necessary standard support for SRS probing in Rel-17. Thus, SRS probing serves yet another motivation to enhance the flexibility of A-SRS triggering.
· Tightly related to SRS capacity / coverage enhancements
SRS coverage / capacity enhancements may include, but not limited to: 1) SRS capacity enhancement via SRS on partial bandwidth, for which the bandwidth may be dynamically indicated via DCI; 2) SRS capacity enhancement via SRS on unused PRBs/symbols in PUSCH/PDSCH region, for which the SRS time-frequency resources may be dynamically indicated via DCI on the fly based on unused resources of a TTI;  3) SRS capacity enhancement via SRS multiplexed (on the same symbol) with other signals, e.g., A/N, to accommodate flexible SRS multiplexing to maximize SRS capacity; 4) SRS coverage enhancements via narrow-band transmission based on frequency selectivity (rather than pre-configured PRBs), and so on.
Some of the enhancements are also applicable to P/SP-SRS, however, especially for capacity enhancement, the SRS needs to have sufficient flexibility, e.g., when the network identifies a chance for A-SRS to opportunistically fill a gap in time-frequency resources (e.g., an unoccupied symbol in a slot, a few unoccupied PRBs, etc.) it would trigger the UE to perform the A-SRS. Therefore, flexible triggering of A-SRS can be also useful to SRS capacity / coverage enhancements.
We have the following observation:
Observation 1: Flexible A-SRS triggering is motivated at least by:
· Limited triggering information in existing DCI 
· Lack of flexibility in triggering offset
· An approach for TDD cooperative MIMO via DL interference probing and mitigation (i.e., SRS probing)
· Tight relation to SRS coverage / capacity enhancements
A-SRS triggering enhancements for TDD cooperative SRS probing
The detailed discussion on A-SRS triggering enhancements for TDD cooperative SRS probing can be found in the companion contribution [3]. In summary, in order to effectively convey information about dynamic interference conditions to the network, a gNB can indicate UEs how the A-SRS should be transmitted, including the time/frequency resource allocation and port selection for the SRS corresponding to the prospective PDSCH determined by pre-scheduling. This means that the network needs to dynamically adjust more SRS transmission parameters (PRB allocations, port selection, etc.) than with conventional SRS transmission, which would require standard support. Detailed analysis in [3] shows that the following may need to be dynamically indicated to the UE:
· A-SRS PRB/port allocation
The SRS PRB/port allocation should be the same as the prospective PDSCH and has to be dynamically indicated.
· A-SRS beamforming
The SRS beamforming can be based on DL CMR, and to better reflect potential DL interference, it is more desirable to be based on DL CMR and IMR, one or both of which may be dynamically indicated.
· A-SRS triggering offset
To utilize A-SRS to estimate interference for interference mitigation via precoding adjustment, the gNBs do not need to detect each UE’s SRS sequences. Received SRS power accumulated on each gNB receiving antenna port should be sufficient. Thus, the A-SRS can be transmitted on overlapping resources to reduce overhead. However, the A-SRS triggers may be sent to different UEs at different times. To enable A-SRS overlap, A-SRS triggering offsets may be dynamically indicated to different UEs.
· Higher priority for A-SRS with newly introduced flexibility
[bookmark: _Hlk46863842]The A-SRS with newly introduced parameters in a SRS request field to support BiT and other enhancements may be assigned with higher priority, so that when it collides with other SRS/UL transmissions, the other transmissions are dropped. 
The following proposal captures the above discussions:
Proposal 1: Support at least the following flexible A-SRS triggering:
· SRS enhancements with dynamically indicated parameters associated with corresponding DL transmissions
· Flexible A-SRS triggering with dynamically indicated PRB allocation and port allocation
· Flexible A-SRS triggering with dynamically indicated DL CMR and/or IMR
· Flexible A-SRS triggering with flexible triggering offset
· Flexible A-SRS triggering with higher priority
More detailed design aspects can be found in [3].
 
A-SRS triggering DCI overhead reduction
The proposed flexible A-SRS triggering may lead to higher DCI overhead as it contains more bits in the SRS request field. In addition, the A-SRS triggering may occur more frequently, further increasing the overhead. 
To reduce DCI overhead, a few possible ways can be considered. For example, we may introduce a GC DCI for flexible A-SRS triggering with reduced overhead. The GC DCI is sent to a set of UEs possibly paired for MU transmission in a slot, with a common triggering offset, and each UE is assigned with FDRA and port allocation (with respect to its serving cell’s available SRS port resources, e.g., cyclic shift, comb and shift, etc.), and CMR/IMR indication. For another example, we may introduce new fields in UE-specific DCI (e.g., format 1_1) for flexible A-SRS triggering with reduced overhead. UE first performs A-SRS transmission according to existing fields of FDRA, PRB bundling size indicator, and port indication, as well as the new fields of SRS resource indicator, SRS triggering offset, and CMR/IMR indication. UE then performs PDSCH reception according to at least the same FDRA and port indication in the same DCI.
Proposal 2: Minimum standard impact to support flexible A-SRS triggering for interference probing with overhead reduction includes:
· GC DCI: Enhance GC DCI format 2_3 with UE FDRA and port indication
· UE-specific DCI: Enhance DL DCI formats 1_0/1_1 to reinterpret existing FDRA/port indication fields for SRS transmission
· Common to both designs:
· A new field of A-SRS triggering offset with slot offset k0 and symbol position
· A new field of A-SRS beamforming with dynamically indicated DL CMR and/or IMR similar to the CSI request field in DCI format 0_1
· Higher priority for the A-SRS

SRS coverage enhancement
SRS coverage may be limited by the transmission power of the UE if the DL coverage for the UE is not an issue. To overcome the power limitation, the main approaches are to:
· Focus the power on the narrower bandwidth or fewer subcarriers to increase the UL receive SNR
Current sounding already supports non-wideband transmissions (4 RBs at the minimum), but in a coverage-limited scenario, the narrowband sounding may be further split into multiple partial sounding to cover the bandwidth of one narrowband sounding. This is also useful to take advantage of frequency selectivity and to reduce interference between SRS from different UEs. In addition, this also improves the frequency-selective precoding by SRS. 
To support partial bandwidth sounding, the standards may allow 1~2 PRB sounding, PRB skipping, larger comb (i.e., RE skipping), etc. 
However, an issue that may arise from partial bandwidth sounding is that the gNB may not be able to combine multiple partial bandwidth sounding transmissions to obtain wideband CSI, since each sounding transmission is generally associated with an unknown random phase. This needs to be addressed.
· Repeat in time domain, including multiple symbols in the same slot and across multiple slots
Simple repetition can be supported. Repetition with a different comb / comb shift or (staggered in REs / PRBs or with different densities) may also be allowed.
· Allow TD-OCC in SRS
In CSI-RS, TD-OCC is supported so that multiple OFDM symbols can be utilized to strengthen CSI-RS transmission. This can also be adopted in SRS.
Proposal 3: For SRS coverage enhancements, consider:
· Narrower bandwidth or fewer subcarriers, but need to address issues due to unknown random phases in multiple transmissions
· Time-domain repetition
· TD-OCC

SRS capacity enhancement
To increase SRS capacity, the standards should allow more UEs to sound at the same time, and allow more sounding opportunities/resources as well as SRS transmissions multiplexed with other signals. The following may be considered:
· Use less time/frequency resources for each SRS transmission
If each SRS transmission occupies fewer subcarriers and/or OFDM symbols, then more UEs can sound and SRS capacity is increased. For example, SRS comb may be increased to 8 or 12. For another example, PRB skipping or narrower bandwidth for SRS may be considered, which can also improve SRS coverage described above.
· Non-orthogonal low-correlation sequences
The number of orthogonal sequences for SRS is limited. To allow more SRS transmissions be multiplexed on overlapping time/frequency resources, non-orthogonal low-correlation sequences may be adopted. The network can configure/trigger the transmission of non-orthogonal sequences when needed, such as when SRS capacity becomes a limiting factor for operations, but can still use only orthogonal sequences at other times. 
· Allow more time/frequency resources to be used by SRS
For example, all 14 symbols in a UL slot may be used for SRS, which is already supported in NR-U. To provide this flexibility, flexible configuration and triggering of SRS need to be standardized. This also motivates flexible A-SRS triggering to dynamically/opportunistically utilize unused UL symbols/PRBs or even DL symbols/PRBs in TDD. To support the latter, a SRS switching gap (due to RF retuning) similar to SRS carrier-based switching may be used for harvest some unused DL symbols, i.e., the UE switches from DL reception to SRS transmission on one or several OFDM symbols according to network configuration/indication after a SRS switching gap, and switches back to DL reception after the SRS transmission and another SRS switching gap. Additionally, concurrent SRS+PUCCH or even SRS+PUSCH may be considered to allow more SRS opportunities.
Proposal 4: For SRS capacity enhancements, consider:
· Less time/frequency resources for each SRS transmission
· Non-orthogonal low-correlation sequences
· More time/frequency resources usable by SRS

SRS switching for up to 8 antennas
For SRS switching for up to 8 antennas, this can be extended from existing standards supporting 1T2R, 1T4R, and 2T4R. That is, Rel-17 may consider 1T6R, 2T6R, 4T6R, 1T8R, 2T8R, and 4T8R. This can be generally done by defining up to 8 SRS resources forming 2 or 3 or 4 SRS resource sets, and appropriate SRS configuration/request field design.
Proposal 5: Support SRS switching for up to 8 antennas similar to current standards for supporting antenna switching.
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In this contribution, we discussed several enhancements for SRS in Rel-17. The following are observed and proposed:
Observation 1: Flexible A-SRS triggering is motivated at least by:
· Limited triggering information in existing DCI 
· Lack of flexibility in triggering offset
· An approach for TDD cooperative MIMO via DL interference probing and mitigation (i.e., SRS probing)
· Tight relation to SRS coverage / capacity enhancements
Proposal 1: Support at least the following flexible A-SRS triggering:
· SRS enhancements with dynamically indicated parameters associated with corresponding DL transmissions
· Flexible A-SRS triggering with dynamically indicated PRB allocation and port allocation
· Flexible A-SRS triggering with dynamically indicated DL CMR and/or IMR
· Flexible A-SRS triggering with flexible triggering offset
· Flexible A-SRS triggering with higher priority
Proposal 2: Minimum standard impact to support flexible A-SRS triggering for interference probing with overhead reduction includes:
· GC DCI: Enhance GC DCI format 2_3 with UE FDRA and port indication
· UE-specific DCI: Enhance DL DCI formats 1_0/1_1 to reinterpret existing FDRA/port indication fields for SRS transmission
· Common to both designs:
· A new field of A-SRS triggering offset with slot offset k0 and symbol position
· A new field of A-SRS beamforming with dynamically indicated DL CMR and/or IMR similar to the CSI request field in DCI format 0_1
· Higher priority for the A-SRS
Proposal 3: For SRS coverage enhancements, consider:
· Narrower bandwidth or fewer subcarriers, but need to address issues due to unknown random phases in multiple transmissions
· Time-domain repetition
· TD-OCC
Proposal 4: For SRS capacity enhancements, consider:
· Less time/frequency resources for each SRS transmission
· Non-orthogonal low-correlation sequences
· More time/frequency resources usable by SRS
Proposal 5: Support SRS switching for up to 8 antennas similar to current standards for supporting antenna switching.

[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]References
R1-1909018, "TDD cooperative MIMO enhancement via sounding based interference probing," FUTUREWEI, 3GPP TSG RAN WG1 Meeting #98, Prague, Czech Republic, August 26-30, 2019.
RP-191869, "Rel-17 work scope on NR MIMO," FUTUREWEI, 3GPP TSG RAN Meeting #85, Newport Beach, USA, September 16-20, 2019.
R1-2005291, "Sounding enhancement for interference probing in TDD cooperative MIMO," FUTUREWEI, 3GPP TSG RAN WG1 #102-e, August 17-28, 2020.
A. Tölli, H. G. Ghauch, J. Kaleva, P. Komulainen, M. Bengtsson, M. Skoglund, M. L. Honig, E. Lähetkangas, E. Tiirola, and K. Pajukoski, Distributed Coordinated Transmission with Forward-Backward Training for 5G Radio Access,” IEEE Communications Magazine 57(1): 58-64 (2019).
