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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In 3GPP RAN1 Meeting #103-e, a set of agreements on SRS enhancements were achieved. The following general guidance on further discussion was also provided:
This section is intended to give some general guidance on further discussion points in next meeting. These aspects are either relative hot discussion points in RAN1#103e without clear conclusion, or necessary components to complete the already agreed features. Companies are encouraged to share your views on these aspects in your contribution submitted to RAN1#104e.
For further discussion in next RAN1 meeting
SRS triggering flexibility enhancement
· Detailed definition of available slot
· Down-selection between Opt. 1 and Opt. 2 for reference slot
· Detailed mechanism on DCI indication of t
· Whether/how to re-purpose unused fields in DCI format 0_1 and 0_2, when aperiodic SRS is triggered without data and without CSI
· Whether to support group-common DCI enhancements for SRS triggering
· Whether to support specification enhancement for SRS resource reuse between the usages of nTmR antenna switching and codebook based UL, where n<=m
· Whether to support relevant enhancement for indicating a subset of Tx/Rx antennas in SRS antenna switching
SRS antenna switching for up to 8Rx
· Whether 4T6R is supported in addition
· Detailed SRS resource set configuration for each xTyR in the agreed set of {1T6R, 1T8R, 2T6R, 2T8R, 4T8R}
SRS capacity and coverage enhancements
· Down-selection from Scheme 2-0 to Scheme 2-3 in Class 2, and/or Scheme 3-1 to Scheme 3-5 in Class 3
In this contribution, further discussions on SRS enhancements are provided.
Sounding enhancement for interference probing in TDD massive MIMO
This section is focused on sounding enhancement for interference probing in TDD massive MIMO, “SRS probing” for short, which serves as the primary motivation for several of the enhancements discussed in the rest of the contribution. TDD Massive MIMO is capable of providing high spectrum efficiency (SE) and is widely considered as a key technology for 5G NR. However, the current 5G NR TDD system provides only moderate performance benefit over 4G LTE TDD system with the same antenna setting. Further enhancement of TDD Massive MIMO for even higher SE is desirable for future releases of NR. In this contribution, we propose a SRS probing mechanism that enhances UL SRS to probe and mitigate DL interference (intra-cell and inter-cell) in a TDD Massive MIMO system, resulting in significant SE gains on top of current Rel-16 compatible mechanisms. This mechanism can be supported in Rel-17 via flexible A-SRS triggering offset enhancements, A-SRS triggering DCI enhancements, and SRS partial frequency sounding. 
Flexible A-SRS Triggering Enhancements for TDD Cooperative MIMO
We introduce a mechanism to obtain spatial information of DL inter/intra-cell interference through cooperative UL sounding based on UL-DL reciprocity. 
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 some sounding activities to scheduled DL transmissions, which may be referred to as DL Interference Probing or SRS Probing. In other words, after 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. 
The above approach is illustrated in Figure 1, in which the sounding from UEs is based on prescheduling and reflects UE receive beamforming capabilities. As a result, the gNB can acquire DL interference spatial information. The gNB adjusts the precoders and thus DL SINR and SE can be improved. Furthermore, depending on the network implementation, more users/layers may be paired for MU-MIMO (such as via less conservative scheduling), yielding even higher SE gains. This approach of interference probing and mitigation, namely SRS probing, can be used to enable a variety of communication schemes to be implemented, generally in the category of Cooperative Massive MIMO.
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Figure 1: TDD DL SE performance enhancement via interference probing and mitigation. To convey spatial information about the interference (both intra-cell and inter-cell) to the network, flexible A-SRS triggering based on prescheduling may be used

The above approach is effective to suppress both inter-cell and intra-cell interference. In Massive MIMO systems, the MU interference or intra-cell interference can be effectively controlled by existing solutions such as zero-forcing or WMMSE, leaving inter-cell interference the main bottleneck for further SE improvement. Thus, precoding against both intra-cell and inter-cell interference is highly effective in achieving optimized system level performance. This approach also has the following advantages:
· Distributed across gNBs (or TRPs) in the network, with low computational complexity for each gNB
· No or little channel information exchange among gNBs
· Can adapt to inter-cell interference, including unknown interference from non-cooperative gNBs or outside of the network (e.g., from other service providers, small cells, etc.)
· No need to estimate element-wise channel, reducing the complexity and overhead.
One specific way to implement is called bi-directional training (BiT); see, e.g., [1][2][10] (and references therein) for details for algorithms for narrowband systems, wideband systems, and dynamic TDD systems. Iterative interference probing and mitigation may be carried out starting from random initial gNB precoding, i.e., the UL sounding and DL transmission with adjusted precoders shown in Figure 1 will be executed multiple times until convergence to optimal/sub-optimal precoders, and then the PDSCH is transmitted with the optimal/sub-optimal precoders. Alternatively, BiT without multiple iterations (i.e., only one shot of interference probing before the PDSCH transmission, as shown in Figure 1 and Figure 2) can be performed, in which beamformed sounding based on conventional DL channel measurement and interference measurement is used. The latter is more practical for typical wireless communications. Nevertheless, these implementations rely 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).
Figure 2 illustrates one specific example of BiT based on A-SRS triggering with dynamically indicated partial frequency sounding. Since the SRS transmission is now tied to a specific data transmission, flexible A-SRS triggering can be used. To probe the interference on a subset of PRBs pre-scheduled for data, the UE only needs to sound on the subset of PRBs, based on which data transmission with precoder adjusted from the SRS-based interference probing can be done.
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Figure 2: One specific example of BiT based on A-SRS triggering with dynamically indicated partial frequency sounding
We remark that the proposed scheme with prescheduling and interference probing bears certain resemblance to the NZP CSI-RS based interference probing scheme described in [4] (Sec. 3.1) and [5]. Both Cooperative Massive MIMO schemes have a step of DL interference probing following prescheduled outcome. However, in the NZP CSI-RS based scheme, the DL interference probing is via DL CSI-RS, and the gNB adjusts MCS (but not precoding), whereas in the currently proposed scheme, the DL interference probing is via UL SRS, and the gNB adjusts precoding for interference avoidance (but not MCS).
The key standard component needed to support BiT is flexible A-SRS triggering with dynamically indicated partial frequency sounding, that is, to trigger A-SRS with flexibility resembling PDSCH. This fits into Rel-17 FeMIMO WI SRS enhancements very well.
Observation 1: Flexible A-SRS triggering with dynamically indicated partial frequency sounding is motivated at least by TDD cooperative SRS probing, which utilizes coordinated A-SRS for DL interference probing and mitigation.
Special case for single-cell massive MIMO (ZF) with DL interference probing
The above scheme can also be applied to the special case of ZF without any inter-cell cooperation such as semi-static coordination. A-SRS can be used to probe DL channel/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. In fact, when ignoring the inter-cell interference (or the covariance matrix for inter-cell interference), the above scheme reduces to single-cell massive MIMO, i.e., ZF, except that the sounding used for ZF is based on 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. The key standard component needed to support this enhancement is still flexible A-SRS triggering, similar to BiT.
Performance Evaluation of Cooperative SRS Probing
A large variety of simulations have been done to evaluate the performance of BiT with one-shot interference probing in a multi-cell wideband TDD system, and in most of the simulations, substantial SE performance improvements have been observed. To best understand the scheme and the reasons for the performance improvements, it is helpful to start with simple system simulations to conceptually grasp the essence of the scheme and then move to more sophisticated, full-blown system simulations.
Performance evaluation with “conceptual” simulator
On https://github.com/futureweiwirelesslab/bi-directionalTraining/ [6], we published a minimal demo of one type of BiT implementation in Matlab with a number of ideal and simplifying assumptions. The demo shows an SINR improvement of about tens of dB and SE gain of about 100% over baseline ZF scheme, due to the superb capability of interference mitigation by BiT. The code and channel data samples can be downloaded, and the resulting gains can be verified. 
Performance evaluation with full-blown simulator and agreed EVM assumptions
More realistic evaluations are provided. 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 one-shot BiT, 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 one-shot interference probing) 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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[bookmark: _Ref11332514]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.

We point out the proposed scheme may have increased latency (depending on the time gap between prescheduling and DL transmission) for some transmissions, and potentially increased SRS resource overhead. However, the drastically improved SINR/SE offsets the probing latency and overhead, for example, the overall packet-level latency is much reduced (also observed in NZP CSI-RS based interference probing schemes). Additionally, the latency and overhead can be limited by various techniques via implementation and standardization, and the scheme is well justified given its substantial gains.
Other simulations
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. These results may be submitted later or elsewhere.
Overall, we conclude that BiT can provide substantial SE performance gains over baseline ZF.
Observation 2: BiT based on flexible A-SRS triggering with dynamically indicated partial frequency sounding can provide substantial SE performance gains over baseline ZF in a TDD system.

Special case for single-cell massive MIMO (ZF) with DL interference probing
Now we compare the performance of the A-SRS based ZF with DL 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 small 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).
· A-SRS based ZF with DL 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 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 interference dynamics.
Figure 5 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 5: 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 3: TDD ZF performance can be significantly improved by flexible A-SRS triggering with dynamically indicated partial frequency sounding.
See also past contributions [7,8] for previous proposals to RAN1 and RAN plenary regarding this scheme. 
Flexible A-SRS triggering
A-SRS triggering offset enhancements 
3GPP RAN1 Meeting #103-e had the following agreement:
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. Adopt at least one of the following options for the reference slot.
· Opt. 1: Reference slot is the slot with the triggering DCI.
· Opt. 2: Reference slot is the slot indicated by the legacy triggering offset.
· FFS the detailed definition of “available slot” considering UE processing complexity and timeline to determine available slot, potential co-existence with collision handling, etc., e.g.,
· Based on only RRC configuration, “available slot” is the 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 the minimum timing requirement between triggering PDCCH and all the SRS resources in the resource set
· FFS explicit or implicit indication of t
· [bookmark: _Hlk60734738]FFS whether updating candidate triggering offsets in MAC CE may be beneficial
The following discussions are provided:
· Legacy RRC slotoffset configuration
First we clarify whether RRC configure only one slotoffset value or multiple slotoffset values. TS 38.214 has:
-	Slot level periodicity and slot level offset as defined by the higher layer parameters periodicityAndOffset-p or periodicityAndOffset-sp for an SRS resource of type periodic or semi-persistent, which is configured by SRS-Resource, and periodicityAndOffset-p-r16 or periodicityAndOffset-sp-r16 for an SRS resource of type periodic or semi-persistent, which is configured by SRS-PosResource-r16. The UE is not expected to be configured with SRS resources in the same SRS resource set SRS-ResourceSet or SRS-PosResourceSet-r16 with different slot level periodicities. For an SRS-ResourceSet configured with higher layer parameter resourceType set to 'aperiodic', a slot level offset is defined by the higher layer parameter slotOffset. For an SRS-PosResourceSet-r16 configured with higher layer parameter resourceType-r16 set to 'aperiodic', the slot level offset is defined by the higher layer parameter slotOffset-r16 for each SRS resource.
That is, for positioning-related SRS, a resource set is configured with multiple slotoffset values by RRC, but for all other SRS, a resource set is configured with only one slotoffset value by RRC. The above agreement seems more applicable to non-positioning related SRS, but it can be generalized to also include positioning-related SRS if needed.
· Reference slot definition: Opt. 1 vs Opt. 2
Opt. 1 and Opt. 2 have their respective pros and cons. Since the A-SRS resource set is transmitted only after the reference slot, if the configured legacy RRC slotoffset value is, say, 4, then Opt. 2 can only trigger A-SRS after 4 slots. So in case that the network wishes to trigger A-SRS after 2 slots (e.g., an UL slot occurs after 2 slots), Opt. 1 has to be adopted. In this sense, Opt. 1 is more flexible than Opt. 2. On the other hand, with a non-zero RRC-configured slotoffset value, Opt. 2 can allow more time for the UE to prepare the A-SRS transmission, and can allow the network to trigger A-SRS farther into the future than Opt. 1 with the same DCI overhead. Comparing the pros and cons, we feel Opt. 1 is more suitable as the enhancements intended in Rel-17 for SRS is to improve the triggering flexibility.
Needless to say, the existing minimal trigger offset and the UE capability for minimum offset have to be accounted for. According to the existing standards, the minimal time interval between the last symbol of the PDCCH triggering the aperiodic SRS transmission and the first symbol of SRS resource is N2  (or N2 +14) symbols and an additional time duration  Tswitch, where N2 in symbols is determined according to the UE processing capability, and Tswitch is for the uplink switching gap if any. These requirements defined in the existing standards can be accounted for in specifying the enhancement or by the gNB via gNB implementation.
·  “Available slot” definition
We have a minor wording clarification for the agreement regarding “in the (t+1)-th available slot”. This may be incorrectly interpreted by some as to count “the first available slot”, “the second available slot”, until the “(t+1)-st available slot”. Instead, we believe the correct interpretation is to count “the first slot”, “the second slot”, until the “(t+1)-st slot”, and if the “(t+1)-st slot” is available, then the A-SRS resource set is transmitted. Therefore, a better description might be “A given aperiodic SRS resource set is transmitted in the (t+1)-st slot, if it is an available slot, counting from a reference slot, …”
For the “available slot” definition, it may be useful to also consider consecutive slots with consecutive symbols that can be used for the SRS transmission, rather than restricting the symbols within one slot. If this is supported, then it is more likely to accommodate a SRS transmission without collision. Thus, we suggest to adopt the following definition of “available slot”: 
· Based on only RRC configuration, “available slot” is the slot satisfying: there are available consecutive UL and/or flexible symbol(s) for the configured/indicated time-domain location(s) in a slot or consecutive slots for all the SRS resources in the resource set and it satisfies the minimum timing requirement between triggering PDCCH and all the SRS resources in the resource set.
· Explicit or implicit indication of t
· To explicitly indicate a triggering offset, the A-SRS triggering DCI can be added with a triggering offset field, or more general, a UL/DL TDRA field may be reused or enhanced for A-SRS.
The triggering offset may be indicated as a slot offset and symbol position(s) / length, similar to the k0 and SLIV design for PDSCH or the k2 and SLIV design for PUSCH. 
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 Section 3.2 and Section 4). 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. Generally, the UL/DL TDRA field design can be reused/enhanced for A-SRS triggering offset indication.
· An implicit triggering offset may be the next SRS transmission opportunity within the A-SRS time-domain resources. That is, the UE can autonomously look for the next chunk of A-SRS time-domain resources that is available to transmit all the configured or indicated A-SRS symbols. This design may be seen as autonomous delaying and combined with the explicit triggering offset approach. For example, if a SRS TDRA field is absent, or the SRS TDRA indicated symbols are occupied, the UE will autonomously find the next available opportunity to transmit SRS. This mode of operation may be enabled/disabled by a flag in RRC (similar to LTE Rel-14 design of soundingRS-FlexibleTiming configuration) or in DCI. By default, the UE starts to search from the DCI-carrying slot, but if a slotoffset value is configured in RRC, the UE may search from the slot with the configured offset.
At least the explicit approach should be supported. The explicit approach and implicitly approach may be combined.
· Whether or not updating candidate triggering offsets in MAC CE
In general, MAC CE can be very useful to improve operational flexibility without considerably increasing DCI overhead. If the flexibility and DCI overhead from the design of flexible A-SRS triggering is already reasonable and sufficient, e.g., at most a 4-bit TDRA field for A-SRS triggering offset to indicate a wide range of slot offsets and symbol lengths, there seems to be no obvious benefit to utilize MAC CE. However, if later the design of RRC configuration for SRS triggering and DCI-based SRS triggering is considered as insufficient, MAC CE based approach can be further considered accordingly.
We have the following proposal:
Proposal 1: For flexible A-SRS triggering offset enhancement:
· Support Opt. 1: Reference slot is the slot with the triggering DCI.
· Define the available slot to include available consecutive UL and/or flexible symbol(s) within one slot or consecutive slots.
· Support at least explicit indication of t via a DCI TDRA field.
· No obvious benefit for MAC CE based approach.
A-SRS triggering DCI enhancements 
3GPP RAN1 Meeting #103-e had the following agreement:
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 

The following DCI enhancements can be considered.
· Add a field (or fields) for A-SRS time-domain resource allocation, reusing existing TDRA field design as much as possible
· The new A-SRS TDRA field should be added to UE-specific DCI and/or GC DCI.
· If the field only specifies the triggering offset and the number of symbols, PUSCH/PDSCH TDRA field design can be reused here, with at most 4 bits for the field. If additional time domain related parameters need to be indicated, 1 or 2 more bits may be added.
· If n separate soundings on n A-SRS resource sets are to be triggered using the same DCI, n such TDRA fields are to be included. However, to avoid significant redesigns of the existing DCI, an upper bound of n should be imposed for at least UE-specific DCIs. For example, only n=1,2,[3] may be allowed for UE-specific DCI. If larger n is desirable, a GC DCI is more suitable than using a UE-specific DCI. The n separate sounding may be on one or more slots, on one or more carriers, etc.
· Add a new field to indicate the time-domain sounding behavior over the allocated multiple OFDM symbols (if applicable): repetition, hopping, or splitting
· An A-SRS time-domain resource allocation field can indicate not only the triggering offset, but also the duration of the SRS transmission in terms of the number of OFDM symbols, other time domain behavior related parameters such as repetition, whether to allow non-consecutive symbols, etc. For example, if the indicated A-SRS symbol length is longer than the RRC-configured A-SRS symbol length, the A-SRS may be indicated to repeat, hop, or split in time domain to fill up the indicated symbols. More detailed discussions can be found in Section 4.
· Allow dynamically indicated frequency-domain allocation, port allocation, and beamforming, reusing existing DCI field designs as much as possible, and reusing existing DCI fields as much as possible
Dynamically indicated A-SRS frequency-domain resource allocation can be beneficial to a number of cases. 
For one, refer to Section 2 for detailed discussions regarding aperiodic SRS enhancement for 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. 
In addition, dynamically indicated A-SRS frequency-domain resource allocation can also be useful for SRS coverage/capacity enhancements related to partial frequency sounding. Most companies proposing the schemes/sub-schemes support/prefer higher flexibility and adaptability in frequency-domain resource allocation, and the support can be done via dynamically indicated A-SRS frequency-domain resource allocation.
Similarly, dynamically indicated A-SRS port allocation and beamforming are also useful and should be supported.
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.
We note that 5 sub-schemes have been proposed for SRS partial frequency sounding, and the sub-schemes may be combined with each other or with other schemes, potentially leading to high complexity. Down-selection from the sub-schemes may be considered, but on the other hand, the sub-schemes and their combinations can be readily supported with one universal design with PUSCH/PDSCH-type FDRA (except for the larger comb sub-scheme).
The bitwidth of the FDRA field varies based on the bandwidth of the carrier, and at most 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, only 1 flag bit to specify whether or not the A-SRS shall use the data FDRA needs to be added.
Likewise, to support flexible A-SRS triggering with dynamically indicated port allocation, we may reuse/enhance existing PUSCH/PDSCH port indication field design, and we may reuse the PUSCH/PDSCH port indication field if the A-SRS is used for CSI acquisition for the co-scheduled PUSCH/PDSCH transmission. To support flexible A-SRS triggering with dynamically indicated beamforming, for non-codebook based SRS beamforming, we can reuse/enhance existing design of CMR/IMR indication in the CSI request field in DCI format 0_1, and for codebook based SRS beamforming, we can reuse/enhance existing TPMI field design, and reuse the TPMI field if the SRS is used for CSI acquisition for the co-scheduled PUSCH transmission.
If n separate soundings on n A-SRS resource sets are to be triggered using the same DCI, n such FDRA fields, n such port indication fields, etc., are to be included. However, to avoid significant redesigns of the existing DCI, an upper bound of n should be imposed for at least UE-specific DCIs. For example, only n=1,2,[3] may be allowed for UE-specific DCI.
· Enhance UE-specific UL DCI and DL DCI for A-SRS
UE-specific UL DCI (e.g., DCI formats 0-1, 0-2) can be enhanced for A-SRS. 
For example, we can extend the DCI for A-SRS triggering without a co-scheduled PUSCH, by adding fields indicating SRS TDRA, FDRA, port(s), and beamforming in the vacant PUSCH fields. 
Furthermore, we can extend the DCI for A-SRS triggering with co-scheduled PUSCH, by reusing the PUSCH fields indicating FDRA, port(s), and beamforming for the SRS, if the SRS is used for CSI acquisition, UL power control information acquisition, UL beam acquisition, etc., for the co-scheduled PUSCH transmission. In this case, UE first performs A-SRS transmission according to existing fields of FDRA and port indication, as well as the new fields of SRS resource indicator, SRS triggering offset, and CMR/IMR indication. UE then performs PUSCH transmission according to at least the same FDRA and port indication in the same DCI, and possibly following a TPC command sent in a GC DCI for this UE based on the gNB-received power from the A-SRS.
On the other hand, UE-specific DL DCI (e.g., DCI formats 1-1, 1-2) can be enhanced for A-SRS. 
We can extend the DL DCI for A-SRS triggering with co-scheduled PDSCH, by reusing the PDSCH fields indicating FDRA, port(s), and beamforming for the SRS, if the SRS is used for CSI acquisition for the co-scheduled PDSCH transmission. In this case, 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.
· [bookmark: _GoBack]Some examples of the repurposed fields and newly-added fields for DCI format 0_1 and DCI format 1_1 are provided in Appendix 2.
· Enhance GC DCI for A-SRS
· 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. 
· 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.
· Moreover, as the A-SRS transmissions may be on the same slot(s), pre-configured SRS transmission resources (e.g., symbol locations, PRBs, combs/shifts, cyclic shifts) may not fit well and there is likely to be resource conflicts, causing some SRS transmissions to be dropped. To resolve this, the GC DCI may indicate SRS multiplexing via UE-specific SRS port resources (symbols, comb/comb shift, and cyclic shifts).
· This may be illustrated by the following figure. A SRS region is indicated for a SRS GC DCI, via a starting symbol in a slot and optionally a length (in terms of a number of symbols, such as a TDRA field; can go across slot boundary) and frequency domain allocation. All SRS indicated in the GC DCI multiplex all the SRS port resources within the SRS region. The port resources in time domain include symbol location, comb and shift for a comb, cyclic shift. Each SRS block within the GC DCI is assigned with a subset of the port resources that are orthogonal to other SRS blocks’ assigned resources.
[image: ]
Figure 6 An example of GC DCI for A-SRS transmissions. The SRS region starting symbol is indicated as a field common to all SRS blocks. Each SRS block is further assigned with a subset of port resources within the region.

We have the following proposals:
Proposal 2: For UL DCI 0_1 and 0_2 to trigger aperiodic SRS without data and without CSI, re-purpose the unused fields for SRS parameter indication, including adding new fields for A-SRS and reusing the design of some unused fields for A-SRS:
· Re-purpose the unused PUSCH TDRA field for A-SRS time-domain resource allocation on one or more OFDM symbols, with the PUSCH TDRA field design reused as much as possible
· Also add a new field to indicate the sounding behavior over the allocated multiple OFDM symbols: repetition, hopping, or splitting
· Re-purpose the unused PUSCH FDRA field, port allocation field, beamforming field, TPC command field, etc., for A-SRS, with the same field design reused as much as possible
· Re-design the SRS request field to include more bits for indicating SRS resource(s) / resource set(s)
Proposal 3: For UL DCI 0_1 and 0_2 with data and DL DCI 1_1 and 1_2 with data to trigger aperiodic SRS:
· Add one A-SRS TDRA field for A-SRS time-domain resource allocation on one or more OFDM symbols, with the PUSCH/PDSCH TDRA field design reused as much as possible (up to 4 bits)
· Also add a new field to indicate the sounding behavior over the allocated multiple OFDM symbols: repetition, hopping, or splitting 
· Add one flag bit to indicate whether or not the A-SRS also use PUSCH/PDSCH fields for its parameter indication, including FDRA field, port allocation field, beamforming field, etc. 
Proposal 4: Enhance GC DCI 2_3 to optionally include at least a TDRA field to a SRS triggering block, for flexible triggering offset, and increase the bits for indicating SRS resource(s) / resource set(s).
Overhead reduction
3GPP RAN1 Meeting #102-e had the following agreement:
Agreement
For SRS overhead reduction, study reusing same resources among multiple usages, at least for “codebook” and “antenna switching”. Study aspects include
· Whether implementation approach based on legacy SRS configuration is sufficient
· If not, and if there are benefits other than RRC overhead reduction, study further on the case that antenna switching and PUSCH have different number of Tx antennas, whether UL BWP for different SRS usages is the same or different, whether and how to ensure UE to use same virtualization, the set of applicable usages, UE implementation complexity and overhead, etc..
In 3GPP RAN1 Meeting #103-e, based on the discussions, the Feature Lead asked to further discuss the following issues in this meeting:
· Whether to support specification enhancement for SRS resource reuse between the usages of nTmR antenna switching and codebook based UL, where n<=m
· Whether to support relevant enhancement for indicating a subset of Tx/Rx antennas in SRS antenna switching
Regarding the first discussion point on whether to support specification enhancement for SRS resource reuse, in TS 38.331, it specifies the usage for a SRS resource:
usage                                   ENUMERATED {beamManagement, codebook, nonCodebook, antennaSwitching},
And in TS 38.214, procedures are specified for SRS resources with different usages. Some of the procedures are the same for ‘codebook’ and ‘antennaSwitching’ but some are not:
[bookmark: _Hlk515880410]-	the UE receives a downlink DCI, a group common DCI, or an uplink DCI based command where a codepoint of the DCI may trigger one or more SRS resource set(s). For SRS in a resource set with usage set to 'codebook' or 'antennaSwitching', the minimal time interval between the last symbol of the PDCCH triggering the aperiodic SRS transmission and the first symbol of SRS resource is N2 + Tswitch. Otherwise, the minimal time interval between the last symbol of the PDCCH triggering the aperiodic SRS transmission and the first symbol of SRS resource is N2 + Tswitch+14. The minimal time interval in units of OFDM symbols is counted based on the minimum subcarrier spacing between the PDCCH and the aperiodic SRS. 
-	when a UE receives an spatial relation update command, as described in clause 6.1.3.26 of [10, TS 38.321], for an SRS resource, and when the HARQ-ACK corresponding to the PDSCH carrying the update command is transmitted in slot n, the corresponding actions in [10, TS 38.321] and the UE assumptions on updating spatial relation for the SRS resource shall be applied for SRS transmission starting from the first slot that is after slot The update command contains spatial relation assumptions provided by a list of references to reference signal IDs, one per element of the updated SRS resource set. Each ID in the list refers to a reference SS/PBCH block, NZP CSI-RS resource configured on serving cell indicated by Resource Serving Cell ID field in the update command if present, same serving cell as the SRS resource set otherwise, or SRS resource configured on serving cell and uplink bandwidth part indicated by Resource Serving Cell ID field and Resource BWP ID field in the update command if present, same serving cell and bandwidth part as the SRS resource set otherwise. When the UE is configured with the higher layer parameter usage in SRS-ResourceSet set to 'antennaSwitching', the UE shall not expect to be configured with different spatial relations for SRS resources in the same SRS resource set.
When the UE is configured with the higher layer parameter usage in SRS-ResourceSet set to 'antennaSwitching', and a guard period of Y symbols is configured according to Clause 6.2.1.2, the UE shall use the same priority rules as defined above during the guard period as if SRS was configured. 
Generally, there are some more restrictions on ‘antennaSwitching’ than on ‘codebook’. In a particular operation scenario, if the same procedures apply to the different usages, the network may configure one SRS resource with either usage but the network may utilize it for both usage purposes with no standard impact, or the network may configure two SRS resources almost identical except for “usage” (with no standard impact), or the network may configure one SRS resource with two “usage” values (with changes in TS 38.331 needed). In general operation scenarios, different usages may require different procedures and hence different SRS resources have to be configured. This is up to the network to decide. Overall it seems the use cases for this potential enhancement is limited, and the potential benefits may include some minor RRC overhead reduction and avoiding reaching UE’s SRS resource limit of 64. Based on the analysis, we prefer to stick with the implementation approach and not to enhance, unless some other strong justifications are identified.
Regarding whether to support relevant enhancement for indicating a subset of Tx/Rx antennas in SRS antenna switching, we point out that there are some CSI measurement related issues not yet considered in existing discussions. When UE Tx/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 would be changed. Existing RI/PMI/CQI etc., need to support fast adaptation, such as CSI measurement based on time-domain restrictions (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.
Proposal 5: Rely on implementation approach to reuse a SRS resource for more than one usage such as ‘antennaSwitching’ and ‘codebook’.
Proposal 6: Discuss the issue of abrupt CSI fluctuations due to dynamic antenna switching.
SRS coverage/capacity enhancement
3GPP RAN1 Meeting #103-e had the following agreement:
Agreement
In Rel-17 SRS coverage and capacity enhancement, support at least one scheme from Class 2 and Class 3, and deprioritize Class 1.
· Note: Extensions of Rel-15/16 frequency hopping are included in Classes 2 and 3, e.g. where UE hops once per symbol within a Rel-17 SRS resource.
Agreement
Candidate schemes for Class 2:
· Scheme 2-0: Increase the number of repetition symbols in one slot
· Scheme 2-1: Inter-slot repetition on consecutive symbols or non-consecutive symbols across slots
· Scheme 2-2: Repetition with TD-OCC
· Scheme 2-3: Repetition with CS hopping
Candidate schemes for Class 3:
· Scheme 3-1: RB-level partial frequency sounding
· Scheme 3-2: Subcarrier-level partial frequency sounding
· Scheme 3-3: Subband-level partial frequency sounding
· Scheme 3-4: Partial-frequency sounding schemes assisted with CSI-RS, where SRS is transmitted in a subset of RBs of the original SRS frequency resource
· Scheme 3-5: Dynamic change of SRS bandwidth with RB-level subband size scaling
· Note: Consider issues like gNB receiver complexity,  PAPR, etc., with above schemes
· Note: Joint operation between Class 2 and Class 3 schemes can be considered

Regarding Class 2 enhancements:
· For Scheme 2-0, this is arguably the most straightforward way to improve SRS coverage and should be supported. The current standards already allow repetitionfactor values of n1, n2, n4 and nrofSymbols values of n1, n2, n4, n8, n12 to be configured. To enhance, repetitionfactor values of n3, n6, n8, etc., may be added, and nrofSymbols values of n3 (which complements n4 in a half slot), n5 (which complements n2 in a half slot), n6 (which complements n1 in a half slot and n8 in a slot), n10 (which complements n2 in a slot), and n14 may be added. 
· Scheme 2-1 is a useful and natural extension of Scheme 2-0. One SRS occasion may also extend to the next slot, for example, for nrofSymbols of n6, the SRS may use the 2 last symbols in a slot and 4 symbols in the next slot, and the 4 symbols in the next slot may be at the beginning of that slot if the symbols are available SRS time-domain resources, or may be at a different time-domain location based on the available SRS time-domain resources, which can further allow more A-SRS transmissions to be accommodated. RRC configuration and DCI indication of SRS transmission repetitions/symbols can be enhanced. Note that PUSCH repetition type B already allows inter-slot repetitions on consecutive symbols, and hence it should not be difficult to support SRS likewise.
· For Scheme 2-2 and Scheme 2-3, it seems that they may be able to provide additional benefits on top of Scheme 2-0 and Scheme 2-1, though with higher complexity and more standard impact. We suggest to focus on Scheme 2-0 and Scheme 2-1 as least for now.
· 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.
Proposal 7: For SRS coverage/capacity enhancements Class 2 (Increase repetition):
· Focus on Scheme 2-0 and Scheme 2-1;
· Allow joint design of partial frequency sounding with increased repetition to compensate the negative impact on SRS capacity.
Regarding Class 3 enhancements of partial frequency sounding:
· Based on existing discussions, there are 5 sub-schemes for partial frequency sounding, and they can be classified into two categories:
· Partial frequency sounding can be achieved by one or multiple narrowband sounding, and each narrowband sounding occupy a consecutive number of PRBs. Current sounding already supports non-wideband transmissions of 4 consecutive PRBs 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. 
The partial bandwidth granularity may be changed to 1~2 PRBs if needed. However, to reduce signaling overhead, some restrictions may be considered. If the A-SRS is associated with a specific PDSCH/PUSCH transmission, the SRS may have the same granularity as PDSCH/PUSCH frequency-domain resource allocation granularity. For example, for resource allocation Type 0, which is RBG based, SRS may also follow the same RBG based granularity (a RBG is 2/4/8/16 PRBs). For resource allocation Type 1, which is PRB based, SRS bandwidth may also be as small as one PRB.
Partial frequency sounding can also be achieved by splitting the transmission for one SRS resource (or resource set) into multi-hopping transmissions. For example, a SRS resource on 8 PRBs (PRBs 1~8) may be done in 2-hopping transmissions, the first hop on PRBs 1~4 and the second on 5~8. A hop may be configured/indicated based on frequency-domain granularity, such as a PRB (i.e., each hop has n PRBs) or a RBG (i.e., each hop has n RBGs).
Detailed analysis can show that Schemes other than 3-2 are all in this category with possibly different granularities of N consecutive PRBs. For Scheme 3-1, N = 1; Scheme 3-3, N = 4 or N can be the same as PDSCH/PUSCH frequency-domain resource allocation granularity as described above (i.e., N = 2, 4, 8, 16); Scheme 3-4, N = 1, 2, 4, 8, etc.; and Scheme 3-5, N = 2 or 4. Although the schemes may be motivated in different ways, their standard impact may be similar and one unified design may be used to support all of them.
To summarize, Schemes 3-1, 3-3, 3-4, and 3-5 belong to Category A: Partial frequency sounding with granularity of N PRBs, where N = 1, 2, 4, 8, 16, etc., and may be supported by one unified design.
· Partial frequency sounding can also be achieved if each SRS transmission occupies fewer subcarriers, then more UEs can sound and SRS capacity is increased, which can also improve SRS coverage when the power is more focused. For example, SRS comb may be increased to 6, 8, or 12. Scheme 3-2 falls into this category, referred to as Category B: Partial frequency sounding with larger combs.
· Note that Category A and Category B may be combined in some cases.
· Non-contiguous SRS segments
For conventional sounding, the SRS occupies one contiguous segment of the bandwidth, which prevents PAPR from becoming too high. We noticed that depending on the specific proposal/design/implementation, several candidate schemes (e.g., Schemes 3-1, 3-2, and 3-3) 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; see Appendix 3 for more details. 
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 an implementation-oriented solution and does not require any standard support.
· 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.
· Potential standard support for Category A schemes with possible repetitions / splits
All schemes in Category A can be supported with a unified design which also incorporates possible repetitions / splits / hopping over multiple OFDM symbols. A DCI triggering a partial frequency sounding includes a FDRA field with a bitmap, each bit indicating sounding on N consecutive PRBs. Another field in the DCI can be used to indicate if the sounding is to be repeated on the indicated multiple OFDM symbols, hopped on the indicated multiple OFDM symbols, or split on the indicated multiple OFDM symbols.
· Finally, regarding the deprioritized Class 1 enhancements of time bundling, this can possibly improve SRS coverage. However, it seems that as long as the standards can provide sufficient support for configuration and/or indication of SRS transmissions in time bundles, the rest can be standard transparent. The current SRS configuration seems generally sufficient, and SRS indication via DCI can be enhanced to trigger time-bundled transmissions.
We have the following observations and proposal:
Observation 4: The candidate schemes 3-1 to 3-5 may be categorized into:
· Category A: Partial frequency sounding with granularity of N PRBs, where N = 1, 2, 4, 8, 16, etc., and may be supported by one unified design;
· Category B: Partial frequency sounding with larger combs of 6, 8, 12, or 24;
· Category A and Category B may be combined.
Observation 5: Depending on the specific proposal/design/implementation, several candidate schemes (e.g., Schemes 3-1, 3-2, and 3-3) consider transmitting SRS on non-contiguous segments in the frequency domain, which 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: Support a unified design of partial frequency sounding with granularity of N PRBs, where N = 1, 2, 4, 8, 16, 32, etc., and allow non-contiguous sounding (possibly for cell center UEs only).
· Support the indication of partial frequency sounding via A-SRS triggering DCI enhancement.

SRS switching for up to 8 antennas
3GPP RAN1 Meeting #103-e had the following agreement:
Agreement
For antenna switching up to 8Rx, support SRS resource configurations for {1T6R, 1T8R, 2T6R, 2T8R, [4T6R], 4T8R}.

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, 1T8R, 2T6R, 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. Regarding whether to support 4T6R, if it can be supported using the existing standard framework/approach or a straightforward extension of it, it may be considered for Rel-17 standard support. But if the design approach becomes vastly different, it may be considered in a later release. We understanding one way to support 4T6R is to configure two SRS resources, one SRS with 4 ports and the other 2 ports. However, the difference in the transmission ports for different SRS resources may be cause some issues, for example, the transmission powers for different ports are different, which may require the UE to adjust its PA settings and may also require the gNB to account for the transmission power differences in order to acquire the proper CSI. Therefore, we suggest to deprioritize the 4T6R configuration.
Proposal 9: Support SRS switching for up to 8 antennas with the 4T6R configuration deprioritized.

[bookmark: _Ref129681832]Conclusion
In this contribution, we discussed several enhancements for SRS in Rel-17. The following are observed and proposed:
Observation 1: Flexible A-SRS triggering with dynamically indicated partial frequency sounding is motivated at least by TDD cooperative SRS probing, which utilizes coordinated A-SRS for DL interference probing and mitigation.
Observation 2: BiT based on flexible A-SRS triggering with dynamically indicated partial frequency sounding can provide substantial SE performance gains over baseline ZF in a TDD system.
Observation 3: TDD ZF performance can be significantly improved by flexible A-SRS triggering with dynamically indicated partial frequency sounding.
Proposal 1: For flexible A-SRS triggering offset enhancement:
· Support Opt. 1: Reference slot is the slot with the triggering DCI.
· Define the available slot to include available consecutive UL and/or flexible symbol(s) within one slot or consecutive slots.
· Support at least explicit indication of t via a DCI TDRA field.
· No obvious benefit for MAC CE based approach.
Proposal 2: For UL DCI 0_1 and 0_2 to trigger aperiodic SRS without data and without CSI, re-purpose the unused fields for SRS parameter indication, including adding new fields for A-SRS and reusing the design of some unused fields for A-SRS:
· Re-purpose the unused PUSCH TDRA field for A-SRS time-domain resource allocation on one or more OFDM symbols, with the PUSCH TDRA field design reused as much as possible
· Also add a new field to indicate the sounding behavior over the allocated multiple OFDM symbols: repetition, hopping, or splitting
· Re-purpose the unused PUSCH FDRA field, port allocation field, beamforming field, TPC command field, etc., for A-SRS, with the same field design reused as much as possible
· Re-design the SRS request field to include more bits for indicating SRS resource(s) / resource set(s)
Proposal 3: For UL DCI 0_1 and 0_2 with data and DL DCI 1_1 and 1_2 with data to trigger aperiodic SRS:
· Add one A-SRS TDRA field for A-SRS time-domain resource allocation on one or more OFDM symbols, with the PUSCH/PDSCH TDRA field design reused as much as possible (up to 4 bits)
· Also add a new field to indicate the sounding behavior over the allocated multiple OFDM symbols: repetition, hopping, or splitting 
· Add one flag bit to indicate whether or not the A-SRS also use PUSCH/PDSCH fields for its parameter indication, including FDRA field, port allocation field, beamforming field, etc. 
Proposal 4: Enhance GC DCI 2_3 to optionally include at least a TDRA field to a SRS triggering block, for flexible triggering offset, and increase the bits for indicating SRS resource(s) / resource set(s).
Proposal 5: Rely on implementation approach to reuse a SRS resource for more than one usage such as ‘antennaSwitching’ and ‘codebook’.
Proposal 6: Discuss the issue of abrupt CSI fluctuations due to dynamic antenna switching.
Proposal 7: For SRS coverage/capacity enhancements Class 2 (Increase repetition):
· Focus on Scheme 2-0 and Scheme 2-1;
· Allow joint design of partial frequency sounding with increased repetition to compensate the negative impact on SRS capacity.
Observation 4: The candidate schemes 3-1 to 3-5 may be categorized into:
· Category A: Partial frequency sounding with granularity of N PRBs, where N = 1, 2, 4, 8, 16, etc., and may be supported by one unified design;
· Category B: Partial frequency sounding with larger combs of 6, 8, 12, or 24;
· Category A and Category B may be combined.
Observation 5: Depending on the specific proposal/design/implementation, several candidate schemes (e.g., Schemes 3-1, 3-2, and 3-3) consider transmitting SRS on non-contiguous segments in the frequency domain, which 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: Support a unified design of partial frequency sounding with granularity of N PRBs, where N = 1, 2, 4, 8, 16, 32, etc., and allow non-contiguous sounding (possibly for cell center UEs only).
· Support the indication of partial frequency sounding via A-SRS triggering DCI enhancement.
Proposal 9: Support SRS switching for up to 8 antennas with the 4T6R configuration deprioritized.
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Appendix 1
[bookmark: _Ref11397766]Table 1: 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 2: 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 3: 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




Appendix 3
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).
[image: ]
Figure 7 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).
[image: ]
Figure 8 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).
[image: ]
Figure 9 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




[image: ]
Figure 10 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 4 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 11 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 12 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.
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ZF vs BiT (A-SRS based DL interference probing)
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ZF vs BiT (A-SRS based DL interference probing)
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ZF vs BiT (A-SRS based DL interference probing)
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8C64T,210ue,NFB,ZF,SRS delay effect
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image15.emf
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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