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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In 3GPP RAN1 Meeting #106-e, a new set of agreements on SRS enhancements were achieved. The overall status is informally summarized as follows:
· SRS flexibility enhancements
· SRS triggering offset
· Reference slot definition: RRC based approach adopted
· Available slot definition: defined according to time-domain availability only
· Determination of the value of t: new field for scheduling/non-scheduling DCIs to indicate one out of up to 4 values
· Collision handling: with majority support but no agreement
· Flexible DCI format
· UE-specific DCI: A couple of alternative proposals for repurposing / reusing DCI fields with good support but no agreement
· GC DCI: no agreement
· Flexible antenna switching: extensive discussions but then found some misalignment in basic understandings; no agreement
· Coverage/capacity enhancements
· Repetition: agreed on 8 / 10 / 12 / 14 symbols; no agreement on reduced BW
· Comb 8: to down-select from the alternatives for the maximum numbers of CSs 
· RB-level partial frequency sounding (RPFS): overall framework agreed with very limited flexibility
· PF = {2, 4} agreed, other values FFS 
· Starting RB (including starting RB hopping) and length agreed and supported by RRC, FFS DCI/MAC and hopping details
· Agreed on ZC sequence generation
· To decide on SRS bandwidth rounding / minimum length issue 
· Antenna switching up to 8 Rx
· Maximum number of SRS resources per set agreed; a list of antenna configurations (including 4T6R) supported; to decide other details
In this contribution, further discussions on SRS enhancements are provided.

Flexible A-SRS triggering
Revisit the target use cases for flexible A-SRS triggering
[bookmark: _Hlk68089411]How the flexible A-SRS triggering should be designed in the WI highly depends on the target use cases for flexible A-SRS triggering. To facilitate common understanding and progress, it is important to revisit the target use cases for flexible A-SRS triggering. A key question to ask here is why flexible A-SRS, as opposed to P/SP-SRS, is needed, i.e., what operations are reasonable for the time scale of A-SRS and what are not. With the target use cases clearly identified, the design proposed in the remainder of this section will be based on the clarified use cases.
· Primary target use cases: Flexible A-SRS for data-specific CSI acquisition (CSI acquisition for a linked PUSCH/PDSCH)
Though SRS has been used for CSI acquisition, it is generally not linked to a specific data transmission, and thus it needs to cover the entire wideband. However, SRS can also be used for CSI acquisition linked to a specific PUSCH/PDSCH transmission (as opposed to for generic CSI acquisition), especially for interference information acquisition for that linked PUSCH/PDSCH transmission. This should be where flexible A-SRS is primarily and most frequently used. Data scheduling, CSI associated with the data transmission, interference seen by a data transmission, and interference caused by a data transmission are all generally in the TTI time scale. To support these operations, flexible A-SRS is required.
Note that the linkage between the flexible A-SRS and the linked PUSCH/PDSCH may or may not be made aware of to the UE.
· Secondary target use cases: Flexible A-SRS for fast action / response to an event once in a while
Flexible A-SRS as a fast response to an event may be needed once in a while. The events may include SCell activation, a potential collision of SRS with other transmissions by the same UE, a different UE in the same cell, or a different UE in a neighboring, coordinating cell. 
· For example, when a SCell is activated, it may be desirable to transmit a flexible A-SRS as a fast reaction rather than waiting for some TTIs. 
· For another example, the gNB plans to trigger an A-SRS, but it finds that A-SRS according to RRC configuration may be in collision with another transmission in time domain, frequency domain, or cyclic shift. Then with flexible A-SRS enhancements, the gNB has the choice to temporarily adjust the A-SRS slot offset, symbol position, frequency domain allocation, comb and shift, and cyclic shift for collision avoidance. 
This is actually related to SRS capacity enhancement. Generally, for SRS capacity enhancement, additional resources can be allocated to SRS, but SRS with pre-configured parameters may lack sufficient flexibility to utilize the additional resources. Hence, SRS capacity enhancement requires flexible A-SRS.
These events are not expected to occur all the time (should be much less often than data scheduling). Therefore, they are considered as secondary target use cases.
· Other cases are not well motivated as target use cases for flexible A-SRS
Other than the primary / second target use cases listed above, most other cases seem not well motivated for flexible A-SRS; at least P/SP-SRS and/or legacy A-SRS may work generally fine. These may include SRS for maintaining a connection, for coverage purpose, for power saving purpose, etc.

Proposal 1: Flexible A-SRS design should be targeted for CSI acquisition for linked PUSCH/PDSCH and fast response to a dynamic event.

Our design for flexible A-SRS enhancements will be based on this proposal.
A-SRS triggering offset enhancements 
In the past 3GPP RAN1 meetings, agreements were achieved, and some key portions of the agreements are listed below:
Agreement
A given aperiodic SRS resource set is transmitted in the (t+1)-th available slot counting from a reference slot, where t is indicated from DCI, or RRC (if only one value of t is configured in RRC), and the candidate values of t at least include 0. 
Agreement
Confirm the following working assumption with modifications
An “available slot” is a slot satisfying there are UL or flexible symbol(s) for the time-domain location(s) for all the SRS resources in the resource set and it satisfies UE capability on the minimum timing requirement between triggering PDCCH and all the SRS resources in the resource set.
· From the first symbol carrying the SRS request DCI and the last symbol of the triggered SRS resource set, UE does not expect to receive SFI indication, UL cancellation indication or dynamic scheduling of DL channel/signal(s) on flexible symbol(s) that may change the determination of “available slot”.
· Note: Collision handling between the triggered SRS and any other UL channel/signal is performed after the determination of available slot.
· FFS: Rules to handle the case of multiple SRS resource sets with overlapping symbols and/or triggered by a same DCI
Agreement
· Up to 4 “t” values can be configured per SRS resource set.
Agreement
Confirm the following WA:
For DCI indication of “t” in Rel-17 SRS triggering offset enhancement
· For both DCI that schedules a PDSCH/PUSCH and DCI 0_1/0_2 without data and without CSI request
· t is indicated by adding a new configurable DCI field (up to 2 bits)
· Applies only when there are multiple   candidate values of t configured
· No further enhancement to indicate “t” for DCI 0_1/0_2 without data and without CSI request at least when the new DCI field is configured
Conclusion
MAC CE for t value update in Rel-17 is not supported.
Agreement
Support Opt. 2: Reference slot is the slot indicated by the legacy triggering offset.
· If DCI is transmitted in slot n, and k is the legacy triggering offset, reference slot is slot n+k.
· Note: the legacy triggering offset can be 0, if slotOffset is absent.
Determination of the value of t and CAT A (A-1, A-2, A-3) parameters
To explicitly indicate one triggering offset out of several candidate values, the A-SRS triggering DCI is added with a triggering offset field. The indication is desired to provide sufficient flexibility to indicate slot offset, starting symbol position, and symbol length, provided that  the DCI overhead is also kept low. Note that RAN1#104-e agreed potential enhancements include “A-3: Indication of SRS symbol-level offset”.
· The triggering offset may be indicated as a slot offset together with symbol position(s) / length, similar to the k0 and SLIV design for PDSCH or the k2 and SLIV design for PUSCH. Therefore, CAT A-2: Indication of slot offset and CAT A-3: Indication of SRS symbol-level offset should be supported. 
· If the indicated A-SRS symbol length is longer than the RRC-configured A-SRS symbol length, the A-SRS may repeat, hop, or split in time domain to fill up the indicated symbols (see further discussions in Sections 2.3.2 and 2.3.3). The indicated A-SRS symbols may also cross the slot boundary and go into the next slot if the indicated symbol length spans into the next slot, similar to existing PUSCH design. 
· The new A-SRS TDRA field should be added to UE-specific DCI and/or GC DCI. The bitwidth of the field can be configurable depending on how many combinations of triggering offset, starting symbol location, and the number of symbols are needed for a particular A-SRS resource. In light of existing UL/DL TDRA fields of at most 4 bits, likely this A-SRS field requires at most 4 bits. If additional time domain related parameters need to be indicated, 1 or 2 more bits may be added.
· The SRS TDRA field may have configurable possible values / combinations for slot offset, starting symbol, and symbol length. For example, the slot offset may have 2 choices, i.e., 1 bit for the first available slot or the second available slot. Or the slot offset may have 4 choices, i.e., 2 bits for the first, second, third, and fourth available slots. The starting symbol and symbol length may be jointly indicated. Depending on the scenario, the gNB may select a number of combinations as the codepoints.
· If DCI overhead is to be limited such as by limiting the flexibility of symbol-level indication, we think at least the starting symbol (i.e., symbol offset) should still be supported, and the symbol length can reuse the RRC configured symbol length.

Generally, the UL/DL TDRA field design can be reused/enhanced for explicit A-SRS triggering offset indication.
Proposal 2: For flexible A-SRS triggering offset and DCI enhancement, in addition to indication of slot position, also indicate starting symbol (CAT A-3) and symbol length.

Collision avoidance and handling
Collision avoidance is to proactively take into account a potential A-SRS collision ahead of time and attempt to prevent it by changing the A-SRS resources/parameters in time/frequency/cyclic shift/sequence domains so that the A-SRS can be multiplexed with other transmissions rather than overlapped with other transmissions. Collision avoidance is mainly done by gNB. Collision handling is to reactively resolve a conflict, mainly by UE but also interpreted in the same way by the gNB. With higher capability of collision avoidance by gNB, the UE’s complexity due to collision handling will be reduced.
In the last meeting, the following FL proposal was discussed for multiple rounds:
FL Proposal 2-2: Introduce dropping rule when collision happens among multiple aperiodic SRS resource sets in a same CC or different CCs.
· FFS the priority rule considering usage, order of triggering DCI, CC ID and set ID, whether the SRS is the Rel-17 flexible SRS, etc.
· FFS collision handling among Rel-17 flexible SRS and other UL channels/signals
· FFS whether to restrict this rule is only applicable to SRS resource sets triggered by a same DCI or different DCIs
Note: strive for a unified rule for single-CC and multi-CC cases

· Collision avoidance
We’d like to emphasize that the collision avoidance operation per se is a gNB implementation issue and has no standard impact, but the current standards do not have sufficient flexibility to allow collision avoidance. Therefore, standardization effort is required to provide the network with collision avoidance capability.
The standard support for collision avoidance includes dynamic indication of SRS parameters, such as starting symbol and symbol length, PRB / subband number or locations, comb and shift, cyclic shift, sequence number, etc. For example, if an intended A-SRS with a set of parameters will collide with another transmission on a symbol, the A-SRS may be indicated with a different symbol or a different symbol duration to avoid the collision, so that both transmissions can be performed. For another example, if an intended A-SRS with a set of parameters will collide with another SRS on the same subcarriers on a symbol, the A-SRS may be indicated with a different comb shift to avoid the collision, so that both SRS can be transmitted. For another example, if two intended A-SRS transmissions are on the same symbol and subcarriers, and their cyclic shifts are too close to each other, one or both of the A-SRS may be indicated with a different cyclic shift so that they can be more easily separable.
If multiple A-SRS transmissions are 1-1 associated with multiple data transmissions, and if data have not collision, then in principle the SRS can have no collision as long as there are sufficient SRS time-domain resources. For example, if UL slot occurs once every 5 TTIs, then 4 OFDM symbols in that UL slot can be used by A-SRS linked to PDSCH transmissions on 4 DL slots, and another OFDM symbol in that UL slot can be used by A-SRS linked to PUSCH transmissions. On each symbol, the same multiplexing as the linked data multiplexing can be indicated to the UE so that no A-SRS collision for the same cell will occur on those OFDM symbols. 
· Collision handling
With sufficient flexibility supported for A-SRS indication and SRS capacity enhancements, generally collisions can be significantly reduced. There may still be some cases that collisions occur. For example, a PUSCH transmission previously configured or scheduled may occupy a number of PRBs and symbols, leaving no resources for A-SRS which is needed now; in other words, the gNB needs to change its previous decision to allow the A-SRS to be transmitted. For another example, P/SP SRS is configured and will be transmitted on a slot, but the gNB now needs A-SRS to be transmitted on that slot, and with the A-SRS, the P/SP SRS is no longer needed; in this case, the gNB may indicate the A-SRS with (partially or fully) overlapping resources with the P/SP SRS so that the P/SP SRS is dropped. Therefore, A-SRS collision handling should be mostly to overwrite a previous decision, such as a PUSCH, P/SP SRS, etc., based on priority rules. The flexible A-SRS may have a higher priority to overwrite other transmissions, but may still have a lower priority than new decisions made by the gNB after the triggering (accounting for decoding/processing times) or ACK/NACK feedback. For example, A/N and AP UL triggered later than R17 flexible A-SRS > R17 flexible A-SRS > other AP UL > P/SP UL, and further details can be discussed. There were other suggestions on the priorities, such as based on the usage, CC ID, set ID, etc. These suggestions, however, are not specific for the new SRS triggering introduced in this release, which may lead to confusion and even different behaviors for legacy SRS triggering and new SRS triggering. For example, a UE may be configured with Rel-16 SRS resource set with ID 1,  Rel-16 SRS resource set with ID 2, and Rel-17 SRS resource set with ID 3. When 1 collides with 3 or 2 collides with 3, the handling is clear based on Rel-17 rules, but when 1 collides with 2, it is unclear if Rel-17 rules should apply or not as these two sets are Rel-16 sets. Therefore, we suggest to prioritize at least considering the Rel-17 flexible A-SRS as a separate category.
We have the following proposal:
Proposal 3: For flexible A-SRS enhancement, 
· Support collision avoidance via dynamic indication of SRS parameters in time/frequency/cyclic shift/sequency domains;
· Support collision handling via priority rules: A/N and AP UL triggered later than R17 flexible A-SRS > R17 flexible A-SRS > other UL.

A-SRS triggering DCI enhancements 
3GPP RAN1 had the following agreements:
Agreement
Support at least DCI 0_1 and 0_2 to trigger aperiodic SRS without data and without CSI.
· FFS whether/how to re-purpose the unused fields, e.g., the triggering offset(s) and the frequency resources for triggering A-SRS on one or more component carriers, SFI-index, etc.
· FFS UL/DL DCI with data for aperiodic SRS
· FFS group common DCI 
Agreement 
Further study whether and if needed, how to achieve further enhancements on aperiodic SRS triggering and resource management based on repurposing unused fields in DCI format 0_1/0_2 without data and without CSI. Consider the following examples
· CAT A: Time-domain parameters
· A-1: Indication of available slot position, i.e., the t values
· A-2: Indication of slot offset
· A-3: Indication of SRS symbol-level offset
· A-4: Indication of time-domain behavior for SRS transmission over multiple OFDM symbols, e.g., repetition, hopping, and/or splitting
· CAT B: Frequency-domain parameters
· B-1: Indication of a group of CCs for SRS transmission
· B-2: Indication of frequency domain resource in a BWP for SRS transmission
· [bookmark: _Hlk67303474]B-3: Indication of whether DL/UL BWP is applied for SRS transmission
· CAT C: Power control parameters
· C-1: Re-purpose ‘TPC command for PUSCH’ as ‘TPC command for SRS’
· FFS impact on power control, impact from triggering a group of CCs for SRS
· C-2: Indication of open loop power control parameter e.g., p0.
· CAT D: Spatial-domain parameters, i.e., indication of SRS port and beamforming
· CAT E: Extend the number of DCI codepoints for aperiodic SRS trigger states
· Other examples are not precluded
Agreement
Support at least DCI 0_1 and 0_2 to trigger aperiodic SRS without data and without CSI.
· FFS whether/how to re-purpose the unused fields, e.g., the triggering offset(s) and the frequency resources for triggering A-SRS on one or more component carriers, SFI-index, etc.
· FFS UL/DL DCI with data for aperiodic SRS
· FFS group common DCI 
RAN1 also had alternative proposals on repurposing / reusing DCI field(s) for SRS parameter indication, mainly reflected in the following version of FL proposal:
FL Proposal 2-5: Further discuss the issue of repurposing DCI field(s) for SRS parameter indication until RAN1#106bis-e, focused on CAT A – CAT E agreed in RAN1#104e.If no consensus can be achieved, conclude this issue as following.
· No repurpose of DCI field(s) is supported for SRS parameter indication in Rel-17.

We first discuss different types of parameters one by one, such as frequency-domain parameters, spatial-domain parameters, etc. Then we discuss different types of DCI formats and their enhancements.
Association of flexible A-SRS to a specific data transmission
As described before, the primary purpose of flexible A-SRS is to enable data-specific CSI acquisition, i.e., the CSI acquisition via the flexible A-SRS is for a specific PUSCH/PDSCH transmission, as opposed to for generic, potential transmissions done in legacy systems. Consequently, flexible A-SRS design could be quite different from legacy SRS. For example, legacy SRS may need to cover the entire bandwidth (in one shot or over time) so that the gNB can determine on which PRBs the data transmissions should be scheduled. On the contrary, for a specific PUSCH/PDSCH transmission, the PRB allocation may have already been determined, and hence the flexible A-SRS may only need to cover those PRBs for CSI acquisition purpose. In this sense, a flexible A-SRS can be viewed as a “pilot” for a specific data transmission so that more accurate CSI can be obtained to improve the data transmission performance.
[bookmark: _Hlk65683088]The association of flexible A-SRS to a specific data transmission implies that the flexible A-SRS transmission parameters should be the same as the data transmission parameters as much as possible, such as frequency-domain parameters, spatial domain parameters, etc. This facilitates two aspects of CSI acquisition for the specific data transmission, one for serving channel acquisition and the other for interference acquisition, which are discussed below.
· Quality of the MIMO serving channel (i.e., intra-cell CSI)
In single-cell MU-MIMO with ZF or WMMSE, A-SRS can be used to probe DL channel and hence intra-cell interference for the paired UEs within a cell. That is, a UE transmits A-SRS on the PRBs indicated by the network which are to be used for PDSCH, and the network adjust PDSCH precoding based on these partial bandwidth A-SRS, instead of based on P/SP SRS sent by UE regularly to cover the entire wideband and with longer periodicity in typical ZF schemes. That is, the sounding used for ZF/WMMSE can be a flexible A-SRS whose frequency-domain resources, ports, and beamforming are tied to the PDSCH. As we will see, the A-SRS based ZF with DL interference probing outperforms P/SP-SRS based ZF.
Now we compare the performance of the A-SRS based ZF with DL channel/intra-cell interference probing versus P/SP-SRS based ZF. Some assumptions are:
· P/SP SRS based ZF
Traditional ZF is based on P/SP SRS in general. The SRS has to cover the wideband (with or without hopping), and all active UEs have to sound. Therefore, the periodicity of P/SP SRS cannot be short for all UEs, otherwise the SRS would lead to significant overhead. In the simulation, the P/SP SRS periodicity is set as 10 TTIs or 20 TTIs (but not 5 TTIs).
· Flexible A-SRS based ZF with DL channel/intra-cell interference probing
Only UEs to be scheduled with PDSCH in the next 5 TTIs will transmit A-SRS. The A-SRS PRBs, ports, and beamforming are the same as the prospective PDSCH. The A-SRS is used by the network to adjust ZF precoders for the PDSCH. Therefore, the aging of A-SRS will not exceed 5 TTIs, which ensures high accuracy of the precoding/beamforming leading to high SE. 
SRS used for other purposes, such as channel measurement, scheduling, etc., can still be based on P/SP SRS with long periodicity, such as 20 TTIs or longer. This is because the properties needed for these purposes generally evolve much slower than intra-cell interference dynamics and the accuracy requirement for high-SE beamforming.
Figure 2 shows the UPT performance and RU values. Clearly, with A-SRS, there is significant performance gains over P-SRS, especially for cell edge UPT and/or medium/high load traffic.
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Figure 2: Performance comparison of ZF based on P-SRS and ZF based on A-SRS under different traffic arrival rates. In the bars, the value “1” is for the baseline and the other value (such as “1.71”) is relative to the baseline.
Observation 1: The association of flexible A-SRS to a specific PDSCH transmission in TDD can improve serving channel CSI acquisition and lead to significant cell edge UPT gains.
· Information about the prospective inter-cell interference condition
This is similar to above serving channel quality CSI acquisition, with the addition of semi-static network coordination. 
Traditionally, DL interference and UL transmissions are not directly related even in a TDD system, and hence UL-DL reciprocity is not applicable for interference acquisition purposes. To utilize TDD UL-DL reciprocity for interference measurement, the key is to tie flexible A-SRS to scheduled DL transmissions in a synchronized fashion across neighboring cells, which may be referred to as Cooperative DL Interference Probing or Cooperative SRS Probing. In other words, after multiple gNBs make DL scheduling decisions including resource allocation and MU pairing, the system first goes through a step in which the gNBs trigger the to-be-scheduled UEs to sound on resources corresponding to the DL scheduling. That is, only (and all) the UEs/layers prescheduled for PDSCH will send SRS, and the SRS reflects the PDSCH resource/layer allocation. Then by TDD reciprocity, a gNB seeing strong UL interference from a certain spatial direction on the SRS resources (for example, via estimating the UL spatial covariance of interference signal) implies that in DL transmission the gNB will cause strong interference in that direction. The gNB can then adjust the precoding for DL interference avoidance. Finally, the gNBs can perform the actual DL transmissions with resource allocations and MU pairing the same as the prescheduling. The gNBs in the network can coordinate the probing SRS resources and the time delay between the prescheduling and actual DL transmission in a semi-static fashion a priori, but essentially no inter-gNB information exchange is required on the fly. To summarize, DL Interference Probing from UL is possible if the network controls the UEs to transmit SRS in a way that best reflects prospective DL interference.
One specific way to implement is called bi-directional training (BiT); see, e.g., [1][2][9] (and references therein) for details for algorithms for narrowband systems, wideband systems, and dynamic TDD systems.	Performance evaluation with full-blown simulator and agreed EVM assumptions have been conducted. The deployment scenarios are based on 3GPP models (see Table 1 in Appendix 1 for more details). One baseline is ZF based Massive MIMO with P-SRS of every 5 TTIs. With one-shot BiT utilizing flexible A-SRS, significant UPT gains (8% ~ 46% gain for mean UPT, and 44% to more than 2x gains for 5%ile UPT) are achieved over ZF for different RUs (~20%, 50%, and 70%) as shown in Figure 3. The gains primarily come from increased DL SINR and also the increased total number of paired layers due to effective inter-cell interference avoidance. In Figure 4, we also see that BiT can substantially reduce the RU under the same traffic load as the ZF, which results from the increased spectrum efficiency with BiT, and the reduced RU in turn contributes to reduce interference in the network, further improving the SINR and UPT in the system.
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Figure 3: Performance comparison of BiT (with flexible A-SRS) and ZF-based Massive MIMO under different traffic arrival rates. The performance metrics are: mean UPT, 5%ile UPT, and 50%ile UPT. In the bars, the value “1” is for the baseline and the other value (such as “1.46”) is relative to the baseline.
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Figure 4: RU comparison of BiT (with one-shot interference probing) and ZF-based Massive MIMO under different traffic arrival rates. In the bars, the value “1” is for the baseline and the other value (such as “0.91”) is relative to the baseline.

A wide variety of simulations have been conducted, such as with full-buffer traffic and with different numbers of UEs in the network, UEs with 1T4R, SRS with UL power control, with more realistic impairments and scheduling methods, enhanced rank adaptation, jointly with NZP CSI-RS based interference probing, etc. These simulations have demonstrated generally similarly high gains of BiT over baseline ZF. Specifically, evaluations under XR scenarios have shown that BiT can considerably improve UPT and XR capacity over baseline ZF; see our companion contribution [10].
Observation 2: BiT based on cooperative flexible A-SRS triggering with parameters associated with a specific data transmission can provide substantial SE performance gains over baseline ZF in a TDD system.
To summarize the above, we propose to associate flexible A-SRS with a specific data transmission. When a flexible A-SRS is linked to the data transmission, the network indicates the UE SRS transmission parameters based on the linked data, e.g., using the frequency domain and spatial domain parameters of a scheduling DCI for the flexible A-SRS as well. The linkage may be implicit when R17 flexible A-SRS is configured in RRC, implicit based on newly configured t field (or other new fields) according to R17 in a scheduling DCI, implicit based on a trigger state which is linked to a R17 flexible A-SRS in a scheduling DCI, or explicit for a scheduling DCI based on a flag in RRC, MAC, or DCI that signals the UE whether a linkage shall be assumed. In addition, the association can be known to the gNB only and transparent to UE, such as for A-SRS triggered by a non-scheduling UL DCI with a set of dynamic parameters for the SRS. Further details can be discussed.
Proposal 4: Support flexible A-SRS parameters to be associated with a specific PUSCH/PDSCH transmission’s parameters:
· Explicit association via RRC/MAC/DCI field(s) in a scheduling DCI; and
· Implicit association via DCI parameters, such as certain SRS trigger states, the configuration of certain DCI fields, etc., in a scheduling DCI.

Frequency-domain parameters (CAT B)
The following discussions are provided for frequency-domain parameters for flexible A-SRS transmissions.
· SRS frequency-domain parameters to support an associated data transmission
Dynamically indicated A-SRS frequency-domain resource allocation can be beneficial to a number of cases. 
For one, refer to the previous subsection for detailed discussions regarding aperiodic SRS enhancement for channel/interference probing in TDD massive MIMO which can significantly improve PDSCH spectrum efficiency. 
For another, the A-SRS may be used for CSI acquisition and/or TPC adjustment for a PUSCH transmission, and hence the A-SRS may be transmitted only on a set of PRBs that may be scheduled for the PUSCH, rather than on the wideband which consumes excessive resources and energy or on a pre-configured bandwidth on which the gNB cannot acquire relevant CSI and/or TPC for the PUSCH transmission. 
To support flexible A-SRS triggering with dynamically indicated frequency-domain allocation, we note that existing DCI formats already provide well-designed PUSCH/PDSCH FDRA fields and thus may be reused or enhanced for A-SRS. In addition, if the A-SRS is used for CSI acquisition for the co-scheduled PUSCH/PDSCH transmission (as opposed to generic purposes and not tied to a specific transmission), the A-SRS may be transmitted on the same PRBs as the PUSCH/PDSCH. In this case, the gNB may indicate to the UE to reuse the PUSCH/PDSCH FDRA field for the A-SRS, which helps avoid high DCI overhead.
The bitwidth of the FDRA field varies based on the bandwidth of the carrier, and at most about 17 bits may be needed. However, for the case of A-SRS indication without data, the unused PUSCH FDRA field can be re-purposed for SRS FDRA. For the case of A-SRS indication with co-scheduled data, as the A-SRS and the data share the same FDRA, whether or not the A-SRS shall use the data FDRA should be specified for the UE, which may be done explicitly with 1-bit flag or implicitly without additional signaling overhead.
Proposal 5: For flexible A-SRS CAT B-1 frequency-domain parameter indication associated with a data transmission to match the data transmission frequency-domain parameters:
· For a scheduling DCI, reuse the co-scheduled PDSCH/PUSCH FDRA field for the A-SRS;
· For a non-scheduled DCI, reuse the PUSCH/PDSCH FDRA field design as much as possible for the A-SRS.

· [bookmark: _Hlk68095018]SRS frequency-domain parameters for fast response
Dynamically indicated A-SRS frequency-domain resource allocation can also be useful for SRS capacity enhancements and collision avoidance. For SRS capacity enhancement, additional resources can be allocated to SRS, but SRS with pre-configured parameters may lack sufficient flexibility to utilize the additional resources. The gNB may need to determine some A-SRS parameters on the fly to fit the A-SRS into the available resources. Frequency-domain flexibility is especially important for flexible A-SRS due to considerable frequency-domain flexibility, in terms of the number of subbands (or PRBs), their frequency locations, the comb (2, 4, 8) and shift, frequency hopping, etc. If the A-SRS is not associated with a specific data transmission, its PRB allocation may not require the full flexibility as PUSCH/PDSCH PRB allocation, so a simplified PUSCH/PDSCH FDRA field design with fewer bits may be adopted, which can also incorporate the partial frequency sounding agreed for SRS coverage/capacity enhancement. For example, SRS may be transmitted in   contiguous PRBs, which can use PUSCH/PDSCH FDRA type 1 to specify a starting position and number of PRBs. As the number of PRBs is limited by a few choices of PF values, the resulting resource indication values (RIVs) are also limited and can be mapped to fewer bits. If the starting position has to be restricted to the hopping bandwidth, then RIV size is even smaller. 
· BWP indication
In the DCI format, a bandwidth part indicator field of 1 or 2 bits may exist, and the UE switches to the BWP indicated by the bandwidth part indicator. For the A-SRS triggered by the DCI, two options may be considered:
· Option 1: UE checks only the A-SRS triggering related fields and ignore all other fields, including the BWP indication
· Option 2: UE uses the bandwidth part indicator field for the A-SRS transmission, that is, the UE switches to the BWP indicated by the DCI and then perform the A-SRS transmission.
Option 2 is aligned with the legacy behavior and the DCI field carrying the bandwidth part indicator is not wasted. Therefore, Option 2 is preferred.
Proposal 6: For flexible A-SRS CAT B-1 frequency-domain parameter indication with increased frequency-domain flexibility:
· [bookmark: _Hlk67065447]Use a simplified PUSCH/PDSCH FDRA field design for the A-SRS not associated with a data transmission.
· Also indicate other frequency-domain parameters, e.g., comb, comb shift.
· Reuse the existing BWP indication field in the DCI for indicating the BWP for the A-SRS.

· Almost contiguous allocation for SRS
[bookmark: _Hlk68095203]For conventional sounding, the SRS occupies one contiguous segment of the bandwidth, which prevents PAPR from becoming too high. This is also generally true for all UL transmissions, except that from Rel-15, PUSCH Type 0 FDRA may allow for some transmissions to be non-contiguous. More precisely, those PUSCH transmissions are called 'almost contiguous allocation', specified in the standards as follows:
TS 38.214:
In frequency range 1, only 'almost contiguous allocation' defined in [8, TS 38.101-1] is allowed as non-contiguous allocation per component carrier for UL RB allocation for CP-OFDM.
In frequency range 2, non-contiguous allocation per component carrier for UL RB allocation for CP-OFDM is not supported.
TS 38.101-1:
If CP-OFDM allocation satisfies following conditions, it is considered as almost contiguous allocation
NRB_gap / (NRB_alloc + NRB_gap ) ≤ 0.25
and NRB_alloc + NRB_gap is larger than 106, 51 or 24 RBs for 15 kHz, 30 kHz or 60 kHz respectively where NRB_gap is the total number of unallocated RBs between allocated RBs and NRB_alloc is the total number of allocated RBs. The size and location of allocated and unallocated RBs are restricted by RBG parameters specified in clause 6.1.2.2 of TS 38.214 [10]. For these almost contiguous signals in power class 2 and 3, the allowed maximum power reduction defined in Table 6.2.2-1 is increased by
CEIL{ 10 log10(1 + NRB_gap / NRB_alloc), 0.5 } dB,
where CEIL{x,0.5} means x rounding upwards to closest 0.5dB. The parameters of RBStart,Low and RBStart,High to specify valid RB allocation ranges for Outer and Inner RB allocations are defined as following:
RBStart,Low = max(1, floor((NRB_alloc + NRB_gap)/2))
RBStart,High = NRB – RBStart,Low – NRB_alloc –NRB_gap
For the UE maximum output power modified by MPR, the power limits specified in clause 6.2.4 apply.
	By the same token, almost contiguous allocation for A-SRS should also be supported, so that the A-	SRS for a specific PUSCH transmission in FR1 can match the PUSCH frequency-domain allocation. 
Proposal 7: Support at least almost contiguous allocation for flexible A-SRS FDRA in FR1.

· Non-contiguous SRS
In addition to almost contiguous allocation for A-SRS, there were several proposals to consider transmitting SRS on non-contiguous segments in the frequency domain, which generally leads to some small increase of PAPR. Based on our evaluations, about 0.5 dB to 3 dB increase of PAPR may be seen if two of more non-contiguous SRS segments are transmitted on the same OFDM symbol. 
A number of evaluations have been performed for non-contiguous segments of sounding to see how much increase there is on PAPR. 
· To describe a SRS pattern, we use a bitmap for the PRBs, with 1 representing sounding on that PRB and 0 for no sounding. For example, [0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1] is for 16 PRBs in a portion of the bandwidth, and 4 non-contiguous segments are transmitted, in which each segment contains 2 consecutive PRBs for sounding and the other 2 PRBs no sounding. See Figure 7 for this example.
· On each PRB, comb 4 is assumed, i.e., 3 tones per PRB is used.
· When sounding on multiple non-contiguous segments, it may be possible to use different sequences on different segments, or the same sequence can be used. Both are evaluated.
We consider the following scenarios:
1. Scenario 1: Periodic segments with the pattern of [0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1…]
With this pattern, we consider: 
1) Case 1: 8 PRBs ([0 0 1 1 0 0 1 1]; same sequence);
2) Case 2: 16 PRBs ([0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1]; same or different sequences; see Figure 7);
3) Case 3: 32 PRBs ([0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1], same or different sequences).
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Figure 5 An example of Scenario 1 non-contiguous sounding on 16 PRBs, represented as [0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1]

2. Scenario 2: Periodic segments with the pattern of [0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1…]
With this pattern, we consider:
1) Case 1: 8 PRBs ([0 0 0 1 0 0 0 1]; same sequence);
2) Case 2: 16 PRBs ([0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1]; same or different sequences; see Figure 8);
3) Case 3: 32 PRBs ([0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1], same or different sequences).
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Figure 6 An example of Scenario 2 non-contiguous sounding on 16 PRBs, represented as ([0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1]

3. Scenario 3: Periodic segments with the pattern of [0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1…]
With this pattern, we consider:
1) Case 1: 8 PRBs ([0 1 0 1 0 1 0 1]; same sequence);
2) Case 2: 16 PRBs ([0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1]; same or different sequences; see Figure 9);
3) Case 3: 32 PRBs ([0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 10 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1], same or different sequences).
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Figure 7 An example of Scenario 3 non-contiguous sounding on 16 PRBs, represented as ([0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1]

4. [bookmark: _Hlk61465577]Scenario 4: aperiodic 2 segments in the form of [ 000011111111000000001111…] with randomized locations for the segments
For this scenario, we consider:

	
	Case 1
	Case 2
	Case 3
	Case 4

	
	# subbands (of 4 PRBs)
	# subbands (of 4 PRBs)
	# subbands (of 4 PRBs)
	# subbands (of 4 PRBs)

	Segment 1
	1
	2
	4
	4

	Segment 2
	2
	4
	4
	10
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Figure 8 An example of Scenario 4 non-contiguous sounding represented as ([0000111111110000000011111111111111110000]

5. Scenario 5: aperiodic 3 segments in the form of [ 0000111100001111000000001111…] with randomized locations for the segments
For this scenario, we consider:

	
	Case 1
	Case 2
	Case 3

	
	# subbands (of 4 PRBs)
	# subbands (of 4 PRBs)
	# subbands (of 4 PRBs)

	Segment 1
	1
	2
	4

	Segment 2
	2
	4
	4

	Segment 3
	1
	6
	4



The evaluation results for the scenarios are shown below.

Table 1 PAPR increase for Scenarios 1~3
[image: ]

We can see for Scenarios 1~3, the PAPR increase is roughly within 0.8 dB to 4.3 dB, and using the same sequence is better than using different sequences. When focusing on the same sequence tests, the PAPR increase is within 0.8 dB to 2.9 dB.

[image: ]
Figure 9 CCDF for PAPR of Scenario 4 non-contiguous sounding Cases 1~4, with the same or different sequences

We can see for Scenario 4, the PAPR increase is roughly within 0.5 dB to 1.5 dB, and using the same sequence may be better or worse than using different sequences.

[image: ]
Figure 10 CCDF for PAPR of Scenario 5 non-contiguous sounding Cases 1~3, with the same or different sequences

We can see for Scenario 5, the PAPR increase is also roughly within 0.5 dB to 1.5 dB, and using the same sequence is better than using different sequences for the cases tested.
There may be a few solutions to address the PAPR issue:
· First, as the PAPR increase is not significant and can be pre-estimated by both the gNB and the UE, the gNB may decide some non-contiguous SRS transmissions only for some cell-center UEs. This is mainly an implementation-oriented solution and requires only limited standard support from RAN1/2 on signaling design and some RAN4 requirements.
· Second, when K non-contiguous SRS segments are to be transmitted, the gNB may indicate to the UE to autonomously split the K segments on K OFDM symbols and hence on each OFDM symbol, SRS transmission is only on a segment of contiguous PRBs. This prevents the PAPR increase and further reduces the SRS transmission bandwidth, which is suitable for cell-center and cell-edge UEs. This requires some standard support, for example, the split may be indicated in the triggering DCI as part of the time-domain behaviour for the SRS on multiple OFDM symbols.
In summary, non-contiguous SRS segments can still be supported without significant increase of PAPR.
Observation 3: Transmitting SRS on non-contiguous segments in the frequency domain generally leads about 0.5 dB to 3 dB increase of PAPR. It may be triggered for cell center UEs only, or split on multiple OFDM symbols.
Proposal 8: Allow non-contiguous sounding (possibly for cell center UEs only).

· CAT B-1: Indication of a group of CCs for SRS transmissions
[bookmark: _Hlk67304824]In some cases, SRS may be triggered on several CCs, for example, CSI acquisition via SRS may be needed for several DL CCs in the next few slots. However, typically each CC will require its separate SRS parameters, such as CC-specific bandwidth/BWP/TDRA/FDRA/beams/etc. It is unlikely that SRS will be transmitted with the same parameters on multiple CCs. It seems difficult to flexibly indicate separate parameters for SRS transmissions on a group of CCs, at least for UE-specific DCIs. Therefore, it seems better to use GC DCI to indicate some (common) parameters for SRS on a group of CCs, and leave the other CC-specific parameters, such as time/frequency/time-frequency/spatial/power parameters to RRC configuration and/or UE-specific DCIs. For GC DCI design, refer to Section 2.3.10.
Proposal 9: Support a UE-specific DCI indicates time/frequency/time-frequency/spatial/power parameters for flexible A-SRS on only one CC.


Time-frequency domain parameter (CAT A-4)
There are several important time-frequency domain sounding behaviors over the allocated multiple OFDM symbols and allocated bandwidth (if applicable): repetition, hopping, or splitting:
· [bookmark: _Hlk68175977]Repetition 
The same allocated bandwidth (i.e., PRBs) is repeated the same way over the multiple OFDM symbols.
· Frequency hopping
Legacy hopping operations are to be performed over the multiple OFDM symbols.
· Splitting 
[bookmark: _Hlk68095423]As described above, when K non-contiguous SRS segments are to be transmitted, the gNB may indicate to the UE to autonomously split the K segments over K OFDM symbols and hence on each OFDM symbol, SRS transmission is only on a segment of contiguous PRBs.
[bookmark: _Hlk68176019]Thus, an A-SRS time-frequency domain resource allocation field may be added, and it can indicate repetition, hopping, or splitting. This is similar to PUSCH frequency repetition and PUSCH frequency hopping over the same slot or multiple slots. In addition, if the association between the A-SRS and PUSCH is specified, and if the PUSCH performs frequency hopping over the same slot or multiple slots, the same frequency hopping over the same slot or multiple slots can be performed for the A-SRS.
Proposal 10: Add a new DCI CAT A-4 parameter to indicate the time-frequency domain sounding behavior over the allocated multiple OFDM symbols for the allocated bandwidth: repetition, hopping, or splitting.

Power-domain parameter (CAT C)
[bookmark: _Hlk68096572]TPC command field may be added/reused/repurposed for SRS in a UE-specific DCI.
· For a scheduling DL DCI, a new TPC command field for the triggered SRS may be added. Alternatively, if a SRS TPC field is not added, the SRS TPC can still rely on existing mechanism of GC DCI format 2_3.
· For a scheduling UL DCI, a new TPC command field for the triggered SRS may be added if the SRS power control is separate from PUSCH power control, but a new TPC field is not needed if the SRS power control is joint with the PUSCH power control. In the case of separate power control, if a SRS TPC field is not added, the SRS TPC can still rely on existing mechanism of GC DCI format 2_3.
· For a non-scheduling UL DCI, the unused PUSCH TPC command field, or any unused bits, may be repurposed for a new TPC command field for the triggered SRS. If a SRS TPC field is not added, the SRS TPC can still rely on existing mechanism of GC DCI format 2_3.
Regarding the proposal of indicating open-loop PC parameters, e.g., P0, in DCI for SRS, there has not been sufficient discussion on the motivation. Further study may be needed.
Proposal 11: For CAT C parameter indication, a TPC command field for flexible A-SRS may be added/reused/repurposed in a UE-specific DCI.

Trigger states enhancements (CAT E)
[bookmark: _Hlk68096704]The current SRS trigger state can indicate at most 2 bits (with optionally 1 more bit for UL/SUL indication). This is far from sufficient. More bits may be added. For example, if M-TRP is supported, a bit to differentiate the TRPs may be added. Alternatively, no dedicated differentiation bit for TRPs (or CCs, or UL/SUL) is needed, and the SRS resources are associated with more DCI trigger states. The pro of this approach is that it is most straightforward to support and improves flexibility. The cons include that it may still lack the considerable flexibility needed for various applications unless the DCI overhead is high. Therefore, this is approach can be supported, but it is not a scalable approach and has to be accompanied with other enhancements outlined elsewhere.
Proposal 12: Support enhancements of CAT E SRS trigger state parameter indication with more bits.

Potentially minimal new standard support for A-SRS parameter indication
Given the limited time for this release, minimal new standards support for A-SRS parameter indication may be appealing. Minimal new standards support may be achieved by repurposing/reusing one or more existing DCI fields configured for data transmission for SRS parameter indication without changing the field bitwidths/parameters. Note that ‘Repurpose’ seems to be used in RAN1 to redesign some fields for a new purpose, but ‘Reuse’ does not change any field design but uses the fields to do a different operation. The wording may not be critical here but the key is not to design a new DCI format or introduce any new parameter/field other than those already agreed. Thus we suggest adding more restriction such as the following:
[bookmark: _Hlk83370019]Repurpose/reuse one or more existing DCI fields configured for data transmission for SRS parameter indication without changing the field bitwidths/parameters
1. FFS which of the existing DCI fields: TPC command field, bandwidth part indicator field, FDRA field, etc.
That is, only the object that the fields are applied on can be changed, from applied on PUSCH to applied on SRS. We propose to at least reuse the following 3 existing fields for A-SRS triggring:
 
	Field in 0_1
	Configured bitwidth
	Current used for (in scheduling DCI)
	Reused for (in non-scheduling DCI)

	FDRA
	e.g., 8
	PUSCH 
	SRS

	TPC command
	2
	PUSCH 
	SRS

	Bandwidth part indicator
	e.g., 2
	PUSCH 
	SRS


We think the standardization effort will be very limited but the added flexibility will be highly desirable.
Proposal 13: Repurpose/reuse at least the following existing DCI fields configured for data transmission for SRS parameter indication without changing the field bitwidths/parameters:
1.  TPC command field, bandwidth part indicator field, and FDRA field 

GC DCI
GC DCI (such as DCI format 2-3 with multiple blocks, each block may be used to trigger one A-SRS transmission) can be enhanced for A-SRS. The following enhancements are discussed for GC DCI for A-SRS.
· A basic design principle for the GC DCI for A-SRS could be that the A-SRS transmissions scheduled by the GC DCI are likely to be about the same time, such as in the same slot or a couple of neighboring slots, which can be indicated by a TDRA field. Based on this principle, we can consider to add a group-common field in the GC DCI to indicate a slot/symbol position that applies to all the A-SRS transmissions triggered by the DCI, together with UE-specific fields for UE-specific symbol offsets (can cross slot) for the UEs, or block-specific fields for block-specific symbol offsets for the SRS blocks.
· The GC DCI enhancements are summarized as follows:
· Time-domain CAT A-2 A-3: common slot offset and common starting symbol indicated for all A-SRS resources, but each resource may be further indicated with additional symbol offset and length relative to the common starting symbol.
· Time-frequency domain CAT A-4: repetition, hopping, and/or splitting may be indicated.
· Power-domain CAT C TPC commands are already present.
· Trigger states CAT E may be increased, or SRS resource indication may be used.
Proposal 14: Enhance GC DCI 2_3 to optionally include a common TDRA field to a SRS triggering block, additional A-SRS specific symbol offset and length, and increase the bits for indicating trigger states or SRS resource(s) / resource set(s).

Flexible antenna switching
The latest FL proposal for flexible antenna switching in 3GPP RAN1 Meeting #106-e was:
FL proposal 2-6:  Support gNB indicating the used SRS resources from the configured SRS resources in SRS resource set(s) for antenna switching via MAC CE.
-        Applicable to at least one of the following two cases
�   Case 1: aperiodic SRS
�   Case 2: periodic or semi-persistent SRS
-        Support UE reporting of one preferred antenna switching configuration 
�   This reporting is not UE capability reporting
�   FFS detailed signaling mechanism, e.g., UCI, MAC CE or RRC
-        The gNB indicated or UE reported antenna switching configuration belongs to the supported antenna switching reported by UE capability signaling
-        FFS whether DCI can be additional used to indicate the used antenna switching configuration
-        Note: Any change on the configured number of Tx antennas in each SRS resource is precluded in either the gNB indication or UE reporting

There are many issues related to flexible antenna switching and they need to be clarified / discussed before potential agreement may be achieved. Some issues are discussed below.
Most importantly, it seems companies have related but different understandings of how this feature works:
1. Some companies would change the number(s) of Tx/Rx antennas and accordingly, also change the number(s) of the SRS resources with usage ‘antennaSwitching’.
1. Some other companies would not change the number(s) of Tx/Rx antennas but only the SRS resources with usage ‘antennaSwitching’.
We are open to either or even both understandings but first of all, a clarification to align the understandings of companies is necessary, since follow-up designs will diverge considerably for the different understandings.
Proposal 15: Align companies’ fundamental understanding on flexible antenna switching:
1. Understanding 1: the number(s) of Tx/Rx antennas can be changed 
1. Understanding 2: the number(s) of Tx/Rx antennas cannot be changed, but the number(s) of Tx/Rx ports selected in the SRS resources with usage ‘antennaSwitching’ can be changed
1. Understanding 3: both of above are to be considered
[bookmark: _Hlk68096825]It seems that the discussions are trying to cover both the UE Tx antenna switching and UE Rx antenna switching, and often times the discussion are mixed together, though Tx antenna switching and Rx antenna switching are considerably different. Some companies are against Tx antenna switching. Some analysis is provided here, separately for Tx and Rx antenna switching.
· UE Tx port switching: 
First of all, we’d like to clarify which one of the following is intended for the UE Tx port switching: 
· [bookmark: _Hlk68181406]UE has 2T but may reduce to 1T: e.g., 2T2R or 2T4R reduces to 1T2R or 1T4R or 1T1R for a period of time based on dynamic indication; or UE has 4T but may reduce to 1T or 2T for a period of time based on dynamic indication. Since the current specs specify UE antenna configurations as 1T2R, 2T2R, etc., this actually implies a dynamic switching of xTyR to zTyR where x is not equal to z. This seems to be the Rel-16 SRS Tx port switching capability which is actually “antenna configuration downgrading”.
The motivation needs clarification here. Is it intended for power saving? And if yes, which part of power is considered for power saving, transmission power or RF operation power? We note that it may not save transmission power, as the total power is the same and may just split between the ports. If it is to save RF operation power, we’d like to point out that the saving may not be substantial since the RF transmission dominates the power consumption. In addition, reduced Tx antenna ports may reduce performance. Furthermore, if it is to turn off an Tx antenna for a while for power saving, DCI-based on/off is not justified; MAC-based on/off may be sufficient and more reasonable. Further study is needed.
· UE has 2T, physical or virtual, denoted as {0,1}, and the DCI dynamically selects either {0} or {1} as the Tx antenna; or UE has 4T, physical or virtual, denoted as {0,1,2,3}, and the DCI dynamically selects one (or more) from the set for a specific sounding, e.g., {0} or {0,1}, etc. That is, the switching is among the Tx antennas.
[bookmark: _Hlk68181865]This seems to be more motivated, as it can save configuration overhead / SRS resource set number. Without it, if the gNB wants the UE to operate with Tx antennas {0,1,2,3}, {0,1}, or {0}, it has to configure multiple SRS resources / resource sets. On the other hand, with this enhancement, the gNB can just configure one SRS resource set with Tx antennas {0,1,2,3} and rely on DCI to select some or all of the Tx antennas. If there is not enough SRS capacity for the UE to sound on all Tx antennas, the gNB can decide dynamically to let the UE sound on some of the Tx antennas.
Also to avoid any potential ambiguity, it should be clarified whether physical antenna ports or virtualized antenna ports are meant here.
Clearly, the above have to be clarified before we can reach any conclusion/agreement.
· UE Rx port switching: 
We first note that UE Rx antenna port switching has not been done before, so likely we will encounter more issues. Also the motivations are not well established. The potential justification that we may think of is UE Rx power saving and monitoring complexity reduction when some Rx hardware/processing are turned off for some time; however, this is not related to A-SRS since such kinds of hardware/processing on/off switching operations are not suitable for TTI-level time scales, and hence should not rely on DCI support. MAC based switching may be more reasonable. 
If UE Rx antenna port switching is anyway supported, it needs to address the CSI issue: When UE Rx antenna numbers are changed in a more dynamic fashion, the MIMO channel properties are also changed more dynamically and abruptly. Consequently, the UL/DL CSI and link adaptation would be changed abruptly. Existing RI/PMI/CQI etc., need to support fast adaptation, such as CSI measurement based on time-domain restrictions (e.g., based on one-shot CSI-RS or multi-shot CSI-RS, but cannot be averaged/filtered outside a time window). If the network intends to perform dynamic switching between two or more UE antenna configurations, the network needs to configure multiple sets of CSI measurements/reporting, and no averaging across the CSI measurement resources is allowed. Other solutions may also exist, but the CSI aspect has to be fully discussed and understood before agreeing any enhancement for antenna switching indication.
[bookmark: _Hlk68182284]If the Rx port switching leads to fewer Rx ports than the currently operating Tx ports, the Tx ports should also be downgraded to the same or fewer ports. For example, if UE has 8T8R, and Rx port switching indicates 4R, then the UE should switch to 4T4R. This may be done by the UE autonomously. Alternatively, the network may indicate joint Tx-Rx port switching, such as from 8T8R to 4T4R, which requires more DCI bits to indicate.
Again, it should be clarified whether physical antenna ports or virtualized antenna ports are meant here.
Proposal 16: Clarify the meaning for dynamic UE Tx antenna switching.
Proposal 17: Clarify the meaning for dynamic UE Rx antenna switching and discuss the issue of abrupt CSI fluctuations.

SRS coverage/capacity enhancement
Some of the key 3GPP RAN1 agreements are listed below:
Agreement
For Rel-17 SRS capacity and coverage enhancement, support the following
· Increase the maximum number of repetition symbols in one slot and one SRS resource to S
· Support at least one S value from {8, 10, 12, 14}
· FFS other candidate values
· [bookmark: _Hlk68098143]Support to transmit SRS only in  contiguous RBs in one OFDM symbol, where  indicates the number of RBs configured by BSRS and CSRS
· Support at least one PF value from {2, [3], 4, 8}
· FFS other candidate values, e.g., non-integer values for PF
· Note: SRS sequence shorter than the minimum length supported in the current specification is not pursued.
· No new sequence including length is introduced
· FFS it is applicable to frequency hopping and non-frequency hopping
· FFS detailed signaling mechanism to determine PF and the location of the  RBs
· Support Comb 8
· Note: SRS sequence shorter than the minimum length supported in the current specification is not pursued.
· FFS whether and if needed, how to use harmonized approach to define the three supported schemes
· Note: other schemes for SRS capacity and coverage enhancements are not supported in Rel-17.
Agreement
For Comb-8 SRS in Rel-17, down-select one of the following in RAN1#106bis-e
· Alt 1: The maximum number of CSs for Comb-8 is 6
· Alt 2: The maximum number of CSs for Comb-8 is 12, and introduce a rule to restrict applicable CSs when SRS sequence is shorter than the maximum number of CSs
 Agreement
For increased repetition in Rel-17, support the following N_symbol (number of OFDM symbols in one SRS resource) and R (repetition factor) values
· N_symbol = 8, R = {1, 2, 4, 8}
· N_symbol = 12, R = {1, 2, [3], 4, 6, 12}
· FFS the following configurations
· N_symbol = 10, R = {1, 2, 5, 10}
· N_symbol = 14, R = {1, 2, 7, 14}
· FFS options to reduce SRS BW for R>1
Agreement
For SRS increased repetitions in Rel-17, support the following configurations, and no other values are supported.
· (N_symbol, R) = {(8, 1), (8, 2), (8, 4), (8, 8), (12, 1), (12, 2), (12, 3), (12, 4), (12, 6), (12, 12), (10, 1), (10, 2), (10, 5), (10,10), (14, 1), (14, 2), (14, 7), (14, 14)}
· Note: N_symbol SRS symbols are adjacent in a slot.
Agreement
For RB-level partial frequency sounding (RPFS) in Rel-17
· The start RB index of the  RBs in the  RBs is , where kF = {0, …, PF-1}
· FFS support start RB location (Noffset) hopping in different SRS occasions, symbols or frequency hopping periods, and if supported, detailed hopping pattern
· Support to determine PF and Noffset at least via RRC configuration per SRS resource.
· FFS whether to introduce DCI and/or MAC CE in addition
Agreement
· For RPFS in Rel-17, support PF = {2, 4}.  
· FFS  3, 8, 12, 16 or fractional numbers 
· Support at least one of the following alternatives (to be decided in RAN1#105-e)
· Alt 1:  is an integer value
· Alt 2:  is an integer value with minimum value 4
· Alt 3:  is a multiple of 4
· Alt 4: Round  to a multiple of 4 in case of Alt 1 or Alt 2
Agreement
For RPFS SRS sequence generation, support 
· Alt 1: Generate length- ZC sequence.
Agreement
Support start RB location (Noffset) hopping in different SRS frequency hopping periods for RPFS and at least periodic/semi-persistent SRS, where  Noffset  is the start RB index of the  RBs in the  RBs.
· For a given SRS transmission occasion,  , where khopping is same for all SRS occasions within a legacy FH period but changes across legacy FH periods, kF and PF are at least configured by RRC signaling (kF = {0, 1, …, PF-1}).
· Support at least one pattern for khopping in time domain, FFS detailed pattern
· Note: the legacy FH period is the period to sound the full SRS hopping bandwidth across the different subbands of  RBs each. 
· This start RB location hopping is enabled or disabled by RRC signaling.
· FFS whether MAC CE or DCI can be additionally used
· When this start RB location hopping is disabled, khopping is fixed to be 0 for all SRS symbols
· This start RB location hopping is UE optional.
· FFS whether start RB location hopping is also applicable on SRS occasion(s) within one FH period (e.g., when R>1) and/or on aperiodic SRS, if so, how

Regarding repetition enhancements:
· [bookmark: _Hlk68097605]The increased repetition will cause that fewer signals/UEs can be multiplexed at the same time. This negative effect may be partially compensated via partial frequency sounding, which will be discussed below. However, this means that the standards may need to consider joint design of time-domain repetition and partial frequency sounding, such as when the time-domain repetition increases, the frequency-domain resources may become sparser or less. This is also reasonable as the repetition is meant to improve coverage, which is usually accompanied with narrow bandwidth transmission.
· An example of a joint repetition-partial frequency sounding design is as follows. If the SRS nominal bandwidth is m PRBs with n symbols and comb c, and when the repetition is increased by R times, that is, R*p symbols in total, then the SRS bandwidth is reduced to floor(m/R) PRBs with comb c. 
Proposal 18: For SRS coverage/capacity enhancements with increased repetitions, 
· With R repetitions, reduce the SRS bandwidth to 1/R of the nominal bandwidth.
Regarding partial frequency sounding:
· [bookmark: _Hlk68098344]First of all, higher flexibility should be the main motivation for partial frequency sounding, since existing standards already support a large number of sounding bandwidths and the range of the sounding bandwidth is not changed in Rel-17. In other words, if the partial sounding can be supported (or almost supported) by existing mechanism with configuration of a smaller bandwidth, then this feature will become useless unless higher flexibility is introduced, via, e.g., MAC or DCI signalling.
· For the PF value candidates, a larger PF value can lead to more reduction of sounding bandwidth and improve coverage and capacity. For flexibility, it should be up to the gNB to potentially configure/indicate different PF values whenever needed, so multiple PF values should be supported.
If RAN1 only agrees on {2,4}, the added flexibility may be too little so that RPFS may be not useful at all. For example, m=160 PRBs is supported, with PF=2 or 4, we transmit on 80 or 40 PRBs. But m=80 or m=40 is already supported and can be configured/triggered. So there may not be anything new and appealing with this feature compared with existing design. The design of k_hopping may add a little bit flexibility, and dynamic signaling of PF and kF may also add a little bit flexibility (though we see quite some resistance from companies, so even this may not be agreed eventually), but the increased flexibility seems to be very limited and overall the design cannot achieve the design goal with only {2,4}. RAN1 needs to consider the following fundamental questions: How much is fundamentally new in RPFS with only PF=2 or 4? What kind of operations of RPFS cannot be supported by current P/SP/AP-SRS baseline with multiple SRSs? There does not seem to be much to us.
For different SRS resources, different PF values should be allowed. For example, for SRS resource 1, m = 48 PRBs, PF may take value from {1,2,3,4,8}, resulting bandwidth of 48,24,16,12,6 PRBs; but for SRS resource 2, if m = 40 PRBs, and the PF candidate value set is still {1,2,3,4,8}, the resulting bandwidth becomes 40,20,13.3 (may be rounded to 13 or 14),10,5, and some of the bandwidths may not be desirable as the granularity of 4 PRBs (or even 2 PRBs) cannot be maintained; for SRS resource 3, if m = 20 PRBs, the resulting bandwidths becomes 20, 10, 6.7 (rounded to 6 or 7), 5, 2.5 (rounded to 2 or 3), which has some redundant values as the other 2 resources. In this case, it is more reasonable to use different sets of PF values for different SRS resources, such as {1,5/4,5} for SRS resource 2, which leads to 40, 32, 8 PRBs, having granularity of 4 (or 8) PRBs and can be used to cover different PRB numbers as other resources. Note that fractional PF values can be especially useful here.
Therefore, it would be desirable to allow more candidate PF values, including the FFS values of 3, 8, 12, 16, and fractional PF values, for the gNB to choose from.
· For PF signaling mechanism, a few values can be pre-configured for each SRS resource, and MAC/DCI may specify one or more of them in a more dynamic fashion. Alternatively but equivalently, the resulting bandwidth values can be pre-configured for each SRS resource, and MAC/DCI may specify one or more of them in a more dynamic fashion.
· For the FFS of frequency hopping and non-frequency hopping, both should be supported. In general, the per-hop sounding bandwidth is already quite narrow with hopping, but can be very wide without hopping. Thus, reducing the bandwidth for non-hopping SRS is needed. Note that for capacity / collision handling enhancements, it is more costly to support reduced bandwidth for non-hopping SRS by RRC configuration of more SRS resources with various bandwidth values. Significantly more flexibility can be achieved by signaling PF values to a SRS resource to change its bandwidth, for both frequency hopping and non-frequency hopping.
· For the alternatives regarding :
· Alt 1:  is an integer value. 
· Alt 2:  is an integer value with minimum value 4. 
Both Alt 1 and Alt 2 are generally acceptable. The only difference between them is about how to handle a resulting bandwidth less than 4 PRBs. We note that the actual limitation is not directly on the number of PRBs but on the minimum sequence length. So it seems Alt 1 together with the restriction that “SRS sequence shorter than the minimum length supported in the current specification is not pursued” is the best choice.
· Alt 3:  is a multiple of 4. This alternative is very limiting, significantly restricting the potential PF values and usable SRS bandwidth configurations. Many of the SRS bandwidth values supported in the current standards cannot meet this requirement. Therefore, this is not preferred. 
· Alt 4: Round   to a multiple of 4 in case of Alt 1 or Alt 2. This alternative assumes that UE should transmit SRS with bandwidth values as multiples of 4 only. It is unclear why this restriction has to be imposed. This is not preferred at least from a futureproof perspective. 
Thus, Alt 1 with the restriction on the minimum sequence length is preferred.
· For the k_hopping design, if only PF = {2,4} are supported, then there is very little to be optimized. For PF = 2, a k_hopping sequence of {0,1,0,1,…} is sufficient. For PF = 4, a k_hopping sequence of {0,1,2,3,0,1,2,3,…} is sufficient. In any case, the benefit seems to be quite limited.
Proposal 19: For SRS coverage/capacity enhancements with partial frequency sounding, support higher flexibility in parameter indication with MAC/DCI signaling
· Allow different PF values for different SRS resources;
· Support PF values of 3, 8, 12, 16, and fractional numbers;
· Support both hopping and non-hopping for the enhancements;
· Allow directly specifying the per-hop bandwitdth;
· Support Alt 1:  is an integer value;
· Consider k_hopping sequence of {0,1…,PF-1,0,1,…,PF-1,…}.

[bookmark: _Hlk68098068]Regarding comb 8 enhancement, comb 8 and shifts should be supported in RRC configuration. In addition, for better flexibility and collision avoidance purpose, MAC or even DCI-based indication for comb and shift should also be supported. All 3 combs, i.e., comb 2, comb 4, and comb 8, as well as their shifts, may be indicated dynamically for full flexibility, which results in 4 bits control overhead. If lower overhead is desirable in some cases, the comb may be fixed and only the comb shift is indicated dynamically.
For the maximum number of cyclic shifts for comb 8, if 12 is supported, then on the same resources, up to 8 x 12 = 96 SRS resources can be multiplexed. It is questionable whether these many multiplexed resources are necessary or practical. Up to 6 cyclic shifts is definitely practical. If companies think a maximum of 6 cyclic shifts is too few, a maximum of 8 cyclic shifts (same as for comb 2) may be further considered.
Proposal 20: For SRS comb enhancements:
· Support RRC, MAC, and DCI specify comb 2, 4, 8, and their shift for SRS; and
· Support the maximum number of cyclic shifts for comb 8 as 6 or 8.

[bookmark: _Ref129681832]Conclusion
In this contribution, we discussed several enhancements for SRS in Rel-17. The following are observed and proposed:
Proposal 1: Flexible A-SRS design should be targeted for CSI acquisition for linked PUSCH/PDSCH and fast response to a dynamic event.

Proposal 2: For flexible A-SRS triggering offset and DCI enhancement, in addition to indication of slot position, also indicate starting symbol (CAT A-3) and symbol length.

Proposal 3: For flexible A-SRS enhancement, 
· Support collision avoidance via dynamic indication of SRS parameters in time/frequency/cyclic shift/sequency domains;
· Support collision handling via priority rules: A/N and AP UL triggered later than R17 flexible A-SRS > R17 flexible A-SRS > other UL.

Observation 1: The association of flexible A-SRS to a specific PDSCH transmission in TDD can improve serving channel CSI acquisition and lead to significant cell edge UPT gains.
Observation 2: BiT based on cooperative flexible A-SRS triggering with parameters associated with a specific data transmission can provide substantial SE performance gains over baseline ZF in a TDD system.
Proposal 4: Support flexible A-SRS parameters to be associated with a specific PUSCH/PDSCH transmission’s parameters:
· Explicit association via RRC/MAC/DCI field(s) in a scheduling DCI; and
· Implicit association via DCI parameters, such as certain SRS trigger states, the configuration of certain DCI fields, etc., in a scheduling DCI.
Proposal 5: For flexible A-SRS CAT B-1 frequency-domain parameter indication associated with a data transmission to match the data transmission frequency-domain parameters:
· For a scheduling DCI, reuse the co-scheduled PDSCH/PUSCH FDRA field for the A-SRS;
· For a non-scheduled DCI, reuse the PUSCH/PDSCH FDRA field design as much as possible for the A-SRS.
· Reuse the existing BWP indication field in the DCI for indicating the BWP for the A-SRS.
Proposal 6: For flexible A-SRS CAT B-1 frequency-domain parameter indication with increased frequency-domain flexibility:
· Use a simplified PUSCH/PDSCH FDRA field design for the A-SRS not associated with a data transmission.
· Also indicate other frequency-domain parameters, e.g., comb, comb shift.
· Reuse the existing BWP indication field in the DCI for indicating the BWP for the A-SRS.
Proposal 7: Support at least almost contiguous allocation for flexible A-SRS FDRA in FR1.
Observation 3: Transmitting SRS on non-contiguous segments in the frequency domain generally leads about 0.5 dB to 3 dB increase of PAPR. It may be triggered for cell center UEs only, or split on multiple OFDM symbols.
Proposal 8: Allow non-contiguous sounding (possibly for cell center UEs only).
Proposal 9: Support a UE-specific DCI indicates time/frequency/time-frequency/spatial/power parameters for flexible A-SRS on only one CC.
Proposal 10: Add a new DCI CAT A-4 parameter to indicate the time-frequency domain sounding behavior over the allocated multiple OFDM symbols for the allocated bandwidth: repetition, hopping, or splitting.
Proposal 11: For CAT C parameter indication, a TPC command field for flexible A-SRS may be added/reused/repurposed in a UE-specific DCI.
Proposal 12: Support enhancements of CAT E SRS trigger state parameter indication with more bits.
Proposal 13 Repurpose/reuse at least the following existing DCI fields configured for data transmission for SRS parameter indication without changing the field bitwidths/parameters:
1.  TPC command field, bandwidth part indicator field, and FDRA field 

Proposal 14: Enhance GC DCI 2_3 to optionally include a common TDRA field to a SRS triggering block, additional A-SRS specific symbol offset and length, and increase the bits for indicating trigger states or SRS resource(s) / resource set(s).

Proposal 15: Align companies’ fundamental understanding on flexible antenna switching:
1. Understanding 1: the number(s) of Tx/Rx antennas can be changed 
1. Understanding 2: the number(s) of Tx/Rx antennas cannot be changed, but the number(s) of Tx/Rx ports selected in the SRS resources with usage ‘antennaSwitching’ can be changed
1. Understanding 3: both of above are to be considered
Proposal 16: Clarify the meaning for dynamic UE Tx antenna switching.
Proposal 17: Clarify the meaning for dynamic UE Rx antenna switching and discuss the issue of abrupt CSI fluctuations.

Proposal 18: For SRS coverage/capacity enhancements with increased repetitions, 
· With R repetitions, reduce the SRS bandwidth to 1/R of the nominal bandwidth.
Proposal 19: For SRS coverage/capacity enhancements with partial frequency sounding, support higher flexibility in parameter indication with MAC/DCI signaling
· Allow different PF values for different SRS resources;
· Support PF values of 3, 8, 12, 16, and fractional numbers;
· Support both hopping and non-hopping for the enhancements;
· Allow directly specifying the per-hop bandwitdth;
· Support Alt 1:  is an integer value;
· Consider k_hopping sequence of {0,1…,PF-1,0,1,…,PF-1,…}.
Proposal 20: For SRS comb enhancements:
· Support RRC, MAC, and DCI specify comb 2, 4, 8, and their shift for SRS; and
· Support the maximum number of cyclic shifts for comb 8 as 6 or 8.
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Appendix 1
[bookmark: _Ref11397766]Table 2: Simulation settings used in numerical evaluation.
	Items 
	Parameters

	Carrier
	3.5 GHz with 20 MHz bandwidth and 30 kHz SCS

	BS Deployment
	UMi, ISD = 200 m (with wraparound), 25 m antenna height 

	UE distribution
	10 per cell/sector, 80% indoor (3 km/h), 20% outdoor (30 km/h). 4 drops

	Channel
	3D UMi channel [3]

	Traffic statistics
	Non-full buffer, FTP 3 with 0.5 MB files

	Antenna configurations
	BS: (M, N, P, Mg,Ng; Mp, Np) = (8,8,2,1,1,4,8). (dH,dV) = (0.5, 0.8)λ (8 columns, 4 rows, cross polarization, totally 64 ports)
UE: 4T4R 2x1x2 (2 columns, 1 row, cross polarization, 4 ports), 0.5 λ

	UE power
	23 dBm

	BS power
	44 dBm

	Precoding granularity
	Subband (6 resource blocks, 72 tones)

	Channel/covariance estimation
	For scheduler: ideal serving cell channel information, ideal interference covariance estimation at the gNB
For UE demodulation: realistic channel/covariance estimation

	SRS periodicity
	Aperiodic SRS with SRS resource configured per 5 TTIs

	UE receiver noise figure
	9 dB

	Modulation 
	Up to 256QAM 

	UE receiver
	MMSE-IRC 



Appendix 2

Table 3: Example fields in DCI format 0_1 repurposed for A-SRS triggering
	Field in 0_1
	Bits
	Current Usage
	New Usage with data/CSI and SRS not linked to data
	New Usage with data/CSI and SRS linked to data
	New Usage for SRS without data and without CSI

	Frequency domain resource assignment
	Variable
	PUSCH FDRA
	PUSCH FDRA
	SRS FDRA same as PUSCH
	SRS FDRA

	[bookmark: DCI_0_1_TimeDomainResourceAllocation]Time domain resource assignment
	4
	PUSCH TDRA
	PUSCH TDRA
	PUSCH TDRA
	N/A

	Antenna ports
	2,3,4,5
	PUSCH ports
	PUSCH ports
	SRS ports same as PUSCH
	SRS ports

	SRS Time domain resource assignment
	0~4
	N/A
	SRS TDRA
	SRS TDRA
	SRS TDRA



Table 4: Example fields in DCI format 1_1 repurposed for A-SRS triggering
	Field in 1_1
	Bits
	Current Usage
	New Usage with data and SRS not linked to data
	New Usage with data and SRS linked to data

	Frequency domain resource assignment (FDRA)
	Variable
	PDSCH FDRA 
	PDSCH FDRA 
	SRS FDRA same as PDSCH

	Time domain resource assignment (TDRA)
	4
	PDSCH TDRA 
	PDSCH TDRA 
	PDSCH TDRA

	Antenna port(s) and number of layers 
	4,5,6
	PDSCH port(s) and # of layers
	PDSCH port(s) and # of layers
	SRS port(s) and # of layers, same as PDSCH

	SRS Time domain resource assignment
	0~4
	N/A
	SRS TDRA
	SRS TDRA

	SRS beamforming indicator
	0~6
	N/A
	SRS precoding based on a CMR and optionally an IMR
	SRS precoding based on a CMR and optionally an IMR

	SRS association with PDSCH
	0,1
	N/A
	=0, A-SRS does not reuse PDSCH fields
	=1, A-SRS reuses PDSCH fields
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Scenario Case sequence(s)PAPR increase (dB)

Scenario 1 Case 1 same-seq 1.97

Scenario 1 Case 2 same-seq 2.59

Scenario 1 Case 2 diff-seq  3.23

Scenario 1 Case 3  same-seq 0.82

Scenario 1 Case 3  diff-seq 1.94

Scenario 2 Case 1 same-seq 2.05

Scenario 2 Case 2 same-seq  2.71

Scenario 2 Case 2 diff-seq     4.36

Scenario 3 Case 1 same-seq  1.57

Scenario 3 Case 2 same-seq  2.85

Scenario 3 Case 2 diff-seq      4.19

Scenario 3 Case 3  same-seq   1.50

Scenario 3 Case 3  diff-seq       1.92
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