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1	Introduction
In [1], a work item for further enhancements to NR MIMO was agreed. One objective of the work item concerns enhancements to SRS:
Enhancement on SRS, targeting both FR1 and FR2:
a. Identify and specify enhancements on aperiodic SRS triggering to facilitate more flexible triggering and/or DCI overhead/usage reduction
b. Specify SRS switching for up to 8 antennas (e.g., TR,  and )
c. Evaluate and, if needed, specify the following mechanism(s) to enhance SRS capacity and/or coverage: SRS time bundling, increased SRS repetition, partial sounding across frequency

In this contribution, we consider ways to fulfil this objective, furthering the discussion in [1]. Details of how to increase aperiodic SRS triggering flexibility and reduce PDCCH overhead are first discussed, as well as ways to repurpose payloads in DCI 0_1 and 0_2 to boost SRS functionality.  Next, methods to avoid duplicate SRS configurations with SRS antenna switching are elaborated further, including what is and is not supported in Rel-15. SRS switching configurations for up to 4 Rx and for up to 8 Rx are considered, including new set configurations, guard times, the need for a 4T6R configuration, and dynamic adaptation to SRS switching configurations.  Solutions for coverage and capacity based on additional SRS symbols in a slot, partial sounding, and support of comb factor 8, are also presented.  Lastly, system level simulations illustrating the need to consider interference in SRS enhancement designs, and the relative efficacy of repetition and frequency hopping are provided.
[bookmark: _Ref178064866]2	Discussion
2.1 Aperiodic SRS offset for increased flexibility in triggering
The following agreements were made in the previous two meetings:Agreement (RAN1#104-e)
A list of values is configured in RRC for each SRS resource set. Adopt at least one of the following for DCI indication of .
· In DCI format 0_1/0_2 without data and without CSI request, 
· Alt 1-1: Reuse the same scheme used for DCI format 0_1/0_2/1-1/1-2 that schedules a PDSCH or PUSCH
· Alt 1-2: Re-purpose unused DCI field to indicate 
· Alt 1-3: t is indicated by a configurable DCI field, where the DCI field may contain bits from unused fields and additional bits configured by gNB
· FFS design details with other potential field(s)
· FFS: whether  can be slot offset
· In DCI format 0_1/0_2/1-1/1-2 that schedules a PDSCH or PUSCH
· Alt 2-1:  is indicated by adding a new configurable DCI field
· Alt 2-2:  is indicated without adding DCI payload
· Note: The size of DCI payload does not change dynamically
· Note: RAN1 should strive for unified solution for different DCI formats.
· FFS: The number of RRC configured  values per SRS resource set and DCI bit field size.
Agreement (RAN1#104-e)
Confirm the following working assumption with modifications. An “available slot” is a slot satisfying that 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.

[image: ][image: ]Agreement (RAN1#103-e)
A given aperiodic SRS resource set is transmitted in the ()th available slot counting from a reference slot, where  is indicated from DCI, or RRC (if only one value of  is configured in RRC), and the candidate values of  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 …
· FFS explicit or implicit indication of .
· FFS whether updating candidate triggering offsets in MAC CE may be beneficial.

[bookmark: _Ref67649519]Figure 1 	Option 1 and 2 from the agreement in RAN1#103-e. Note that in either of the options, the reference slot may be in an available slot or in a non-available slot.
The two options are related to how the reference slot is defined and these two options are depicted in Figure 1.
The agreement includes that the ()th slot is used for SRS transmission and that  is possible to indicate. This means that the available slots must be numbered as .
In our preference, Option 2 is the most useful interpretation as it builds on the legacy slot offset . Note that  has the large range from 0 to 32. It thus gives the static offset e.g., to avoid the DL slots in TDD. The  parameter is used to distribute the SRS occasions from multiple UEs to different available slots, to avoid SRS congestion. The scheme thus uses a combination of a semi-static (RRC configured) and dynamic offset. 
[bookmark: _Toc66683007][bookmark: _Toc68624160]Support option 2, the reference slot is the slot indicated by the legacy triggering offset.
If the reference slot is an available slot, then it is enumerated as starting with 1 (in the range of-values), to allow scheduling an SRS transmission also in the reference slot (due to the agreement, SRS is transmitted in slot , by indicating , the SRS is thus transmitted in slot 1, which is the first available slot). 
Furthermore, it was agreed that a list of values is configured in RRC for each SRS resource set.  This allows some degree of flexibility in distributing the SRS to nearby slots while at the same keeping the complexity of the solution at minimal. To keep the complexity low the allowed values for  is 0, 1, 2 or 3. Therefore, in DCI format 0_1/0_2 without data and without CSI request, we support Alt 2-2. 
[bookmark: _Toc66683008][bookmark: _Toc68624161]Support Alt 2-2,  is indicated without adding DCI payload. A UE can be configured, using RRC, a delay value  to each of the SRS trigger states respectively. Possible delay is in the value range {0, 1, 2, 3}. Default value is .
As discussed in the next section, when triggering without data or CSI request, we support using unused DCI fields: 
[bookmark: _Toc68624162][bookmark: _Toc68176491][bookmark: _Toc68615739][bookmark: _Toc68616133][bookmark: _Toc68616287][bookmark: _Toc68616355][bookmark: _Toc68616392][bookmark: _Toc68616539][bookmark: _Toc68616637]In DCI format 0_1/0_2 without data and without CSI request we support Alt 1-2: Re-purpose unused DCI field to indicate .
If a trigger point contains multiple SRS sets, the sets have individual classification of available slots. Hence, one slot may be classified as available for one set but not the other. This can, even if a -value is configured per set, lead to that two sets ends up in the same available slot. If this occurs, a rule needs to be specified to determine which set should be transmitted and which should be dropped.
The most time critical SRS usage is the antenna switching, since it is used for DL CSI and where MU-MIMO precoding may be based on the instantaneous channel (i.e., the phase). Therefore, this usage should be prioritized when collisions occur. The least time sensitive SRS usage is the beam management as it doesn’t utilize the phase relations. Hence, we make the following priority proposal:
[bookmark: _Toc68624163]In case multiple triggered SRS resource sets collide, i.e., map to a potential transmission in overlapping OFDM symbols, set dropping applies based on priority where lower priority set is dropped. Priority is based on set usage, where antenna switching has highest priority and beam management has lowest. Codebook has second highest priority.
[bookmark: _Toc68615741][bookmark: _Toc68616135][bookmark: _Toc68616289][bookmark: _Toc68616357][bookmark: _Toc68616394][bookmark: _Toc68616541][bookmark: _Toc68616639][bookmark: _Toc68615742][bookmark: _Toc68616136][bookmark: _Toc68616290][bookmark: _Toc68616358][bookmark: _Toc68616395][bookmark: _Toc68616542][bookmark: _Toc68616640][bookmark: _Toc68615743][bookmark: _Toc68616137][bookmark: _Toc68616291][bookmark: _Toc68616359][bookmark: _Toc68616396][bookmark: _Toc68616543][bookmark: _Toc68616641]2.2 Using DCI 0_1 and 0_2 to trigger aperiodic SRS
The following agreements were made in the previous two meetings:Agreement (RAN1#104-e)
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  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
· 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 (RAN1#103-e)
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

Due to the increased use of massive MIMO and reliance on aperiodic SRS for both UL and DL CSI, it is very useful to take this opportunity to give the SRS functionality in NR a boost. The current NR SRS is more or less based on the LTE framework, dating back more than 10 years where classic radios (up to 8 branches) was predominant. So, in general, we are positive to introduce further SRS enhancements (if beneficial) by re-purposing unused fields in DCI.
These are the use cases we find useful to specify:
· A-1/A-2: Having even larger flexibility in triggering slot offset than the one we agreed for the general DCI (which has some limitations). Also, for DL heavy TDD patterns like DDDSU and when the cell has high load, it would be useful to increase the slot offset to more than the current 32 slots. 
· B-2: An NR bandwidth will be used for multiple different verticals with different service requirements. In some part of the band there will be URLLC traffic which has priority over eMBB traffic. For eMBB, particularly for DL CSI, SRS measurements for the whole band is needed, and the aperiodic SRS is therefore configured as full bandwidth. It may then be a conflict between an URLLC PUSCH transmission for a UE and an eMBB SRS transmission for another UE and due to the priority, the eMBB SRS will not be triggered. In this situation, it is useful of the aperiodic SRS for the eMBB users can be triggered occasionally with a smaller bandwidth. Note that although there are multiple SRS trigger states, we cannot currently utilize those to adapt the SRS transmission bandwidth for a given usage type, e.g., antenna switching. This due to the restriction on a single SRS resource set per usage (except for the special case: 1T4R) In addition, there are cases when the gNB is only interested in sounding the band in some specific part of the UL bandwidth, and/or when some frequency band should be avoided since they are subject to interference or are sensitive to interference towards victim cells. 
[bookmark: _Toc68624164]Support A-2 and B-2 for aperiodic SRS triggering and resource management based on re-purposing unused fields in DCI format 0_1/0_2 without data and without CSI.
2.3 Support for dual ‘usage’ of a single SRS resource 
The space and resources for SRS transmission are scarce, particularly for TDD deployments where a downlink heavy TDD pattern is used, e.g., the commonly used DDDDDDDSUU pattern.  At the same time, TDD allows for reciprocity-based MIMO, which means that the SRS measurements are used for both DL CSI acquisition and for link adaptation for UL MIMO. Unfortunately, NR specifications tailors a certain SRS to one usage only. This implies that multiple SRS resource sets (the usage is configured per SRS resource set) needs to be transmitted, for all active UEs, in the few available UL slots. 
A desired feature would be to be able to use one SRS measurement for both usages simultaneously. That would imply that a UE would not need to transmit one SRS for UL MIMO (i.e., ‘codebook’ usage, CB), and another SRS for DL CSI (i.e., ‘antennaSwitching’ usage, AS). This leads to SRS overhead savings and UE power savings since it could halve the amount of SRS transmissions. The desired functionality is thus summarized as follows.
[bookmark: _Toc68624154]A desired Rel. 17 functionality when operating with simultaneous UL MIMO and DL MIMO operation for a UE is for the gNB to use a single SRS measurement for both CB and AS purposes, with no compromise in performance for none of them, compared to using separate SRS resources for CB and AS or same SRS resource in separate slots for CB and AS.
Now, it is possible already in Rel. 15 to configure an SRS resource that belongs to two sets simultaneously. This dual usage, was discussed in RAN1#95, and the conclusion was (from chairman notes):Conclusion (RAN1#95)
If the UE is configured with an SRS resource associated with multiple sets with different SRS-setUse, then it is up to the UE for which SRS-setUse this SRS resource is transmitted for.

The reason for concluding this undefined behavior was 
· UE may use port mapping virtualization of SRS port to physical antenna(s), e.g., to meet a certain power class or to enhance UL MIMO performance. Such virtualization is not specified.
· It is not clear whether UE follows power control for the first or second set, as these loops are defined per SRS resource set. Hence, UE transmit power is undefined.
Now, it is argued by some companies that gNB can already today configure such dual usage and it is also claimed that “it works”. It may well be so that “it works” currently, but still the UE behavior is undefined, so performance is unpredictable and unreliable. New UE devices are released every month and it is good that optimization for antenna virtualization can be left to UE implementation, to handle the PAPR issues, meeting power class, or to optimize the performance.
It is also argued by some companies, that the UE will never do anything “strange”, i.e., if dual usage is configured, it will transmit SRS so it can be used for both CB and AS simultaneously. 
An obvious example is a 2 Tx and 2 Rx UE, configured with a 2-port SRS resource. This UE may just as well transmit one SRS port per Tx antenna, which is the same as the Rx antenna. For such UE, one SRS transmission can be used by the gNB for both AS and CB. 
In our view, it would be great if such UE can report to the gNB that dual usage is possible for such 2-port SRS configuration. This requires standardization, and at the same time, the undefined power control can be defined when dual usage is adopted. 
To discuss the standardization of this, these two cases for a UE that has  TX antennas and  RX antennas are seemingly straightforward and can be the starting point:
1.  and a -port SRS resource is transmitted with dual CB and AS usage
· For example, a UE supporting t1r1-t2r2-t4r4, configured with 4T=4R.
2.  and multiple -port SRS resources are transmitted (to implement antenna switching) with dual CB and AS usage. 
· For example, a UE supporting t2r4, configured with 2T4R
Note that configuring t2r2 in Case 1 would require virtualization and is handled separately, discussed later in this section. As mentioned, it seems these two cases are straightforward, and perhaps already frequently supported by existing UEs in the field. If capability is introduced, the UE could inform the gNB that dual usage is possible. The technical benefit we are after is that if the UE anyway support dual usage, the network should now since it will reduce the SRS overhead as discussed earlier.
A proposal to capture an agreement for Case 1 is as follows:
[bookmark: _Toc68624165]At least for a UE supporting maxNumberMIMO-LayersCB-PUSCH = , maxNumberMIMO-LayersPDSCH = , and supportedSRS-TxPortSwitch = ’t2r2’, ’t4r4’, 't1r1-t2r2’, or 't1r1-t2r2-t4r4', when a UE is configured only one -port SRS resource in a set with usage “antennaSwitching” with TR for DL CSI acquisition, the gNB can assume that the UE transmits this SRS resource in the same way (e.g., same virtualization)  as if the set would have been configured with usage ‘codebook’, and such -port SRS resource can be used for an -port UL MIMO precoder selection (i.e., TPMI selection) by the gNB.
Furthermore, the following clarifications can be added:
· RRC signaling from gNB to UE is introduced to enable the feature in this proposal, which is subject to an associated UE capability
· Whether to specify this as e.g., a new CB-AS dual usage type or as a “flag” is up to specification editors.
· This proposal applies a least for single-TRP operation and when uplink full power mode 1 or mode 2 is not enabled and FFS for other cases. 
A proposal to capture an agreement for Case 2 is as follows:
[bookmark: _Toc68624166]At least for a UE supporting maxNumberMIMO-LayersCB-PUSCH = , and, maxNumberMIMO-LayersPDSCH = , and, supportedSRS-TxPortSwitch contains ‘tr’, when a UE is configured multiple -port SRS resources in a set with usage “antennaSwitching” and the total number of SRS ports in the set across all the resources is , then the gNB can assume that the UE transmits each of these -port SRS resources in the same way (e.g., same virtualization)  as if that -port SRS resource would have belonged to a set configured with usage “codebook”. Thereby, any of these -port SRS resources can be used for an -port UL MIMO precoder selection (i.e., TPMI selection) by the gNB.
Furthermore, the following clarifications can be added:
· RRC signaling from gNB to UE is introduced to enable the feature in this proposal, which is subject to an associated UE capability
· Whether to specify this as e.g., a new CB-AS dual usage type or as a “flag” is up to specification editors.
· This proposal applies a least for single-TRP operation and when uplink full power mode 1 or mode 2 is not enabled and FFS for other cases. 
· FFS: UE behavior for PUSCH transmission when SRS from the SRS resource set with usage = ‘antennaSwitching’ is indicated, e.g., how to indicate which x-port SRS resource to use for association with PUSCH
For additional cases, more discussion is needed to understand how to formulate the proposals (if supported at all). A UE that has  TX antennas and  RX antennas but a  port SRS is configured These cases are defined as follows: 

3.  and a -port SRS resource is transmitted with dual CB and AS usage where ZT=ZR antenna switching is used (square case). 
a. For example, a UE supporting t1r1-t2r2-t4r4, configured with 2T=2R (, ).
4.  and multiple -port SRS resources are transmitted (to implement antenna switching) with dual CB and AS usage, where 
b. For example, a UE supporting t1r4-t2r4, configured with 1T4R (, , ).

[bookmark: _Hlk54356278]2.4 SRS antenna-switching enhancements
The following agreement was made in the previous meeting:Agreement (RAN1#104-e)
For aperiodic antenna switching SRS, support to configure  resource sets, where totally  resources are distributed in the  resource sets flexibly based on RRC configuration.
· For 1T6R, , , and each resource has 1 port.
· For 1T8R, , , and each resource has 1 port.
· For 2T6R, , , and each resource has 2 ports.
· For 2T8R, , , and each resource has 2 ports.
· Working Assumption: For 4T8R, , , and each resource has 4 ports.
· FFS the number of supported candidate values of  for each TR.
· FFS extension to increase  for 1T2R, 1T4R, 2T4R and T=R cases for aperiodic, periodic and semi-persistent SRS resources.
· FFS the number of resources and resource sets for semi-persistent and periodic antenna switching SRS.
· Note: SRS could be transmitted over the last 6 OFDM symbols, or over any OFDM symbols within the slot subject to UE capability.

2.4.1 SRS antenna switching enhancements up to 4R
Antenna switching (AS) is emerging as a critical UE functionality in real TDD deployments to harvest the gain of massive MIMO and reciprocity-based DL operation. We continuously receive reports from various deployments of massive MIMO in the field and there are observations of inefficiencies and drawbacks with the current AS design in NR. Since AS requires a guard symbol between antenna switches in NR (but not in Rel.16 LTE), it is not possible to efficiently use SRS with short periodicity in special (S) slots with only 2 UL symbols (such special slot deployments with ::2 configurations exist today both in Asia and EU). Hence SRS must instead be configured in the UL slots, which is a waste of spectral efficiency since at least 3 out of 14 symbols (including guard period) in the UL slot are then not available for PUSCH. 
[bookmark: _Toc66682991][bookmark: _Toc68624155]Special slot with 2 UL symbols is used in deployments in both Asia and EU and the 2 UL symbols, suitable for SRS transmissions, in the special slot cannot be used by any of current antenna switching schemes for which , which leads to reduced spectral efficiency.
Some very useful and rather simple enhancements for antenna switching to resolve this case are:
· Support for configurable presence of guard period (as in LTE Rel. 16) for antenna switching, at least for FR1. 
· 1T4R aperiodic SRS is limited to two resource sets with {two 1-port SRS resources in slot A, two 1-port SRS resources in slot B} (or a 1+3 split) since the slot offset is tied to the resource set, this means the special slot with 2 UL symbols cannot be used for SRS (and likely not for PUSCH either). The operator is thus forced to use UL slots for SRS, which is a waste of resources that can be used for PUSCH and PUCCH. 
· It would be beneficial to support aperiodically triggered 1T4R with 4 resource sets with 1 port each in four different slots. This would allow aperiodic SRS to be transmitted in the 2 UL symbols in 4 different S slots to increase the efficiency.
· To improve the flexibility and enable 1T4R aperiodic SRS to be transmitted in a single UL slot (note that more than 6 OFDM symbols per slot is supported for SRS transmission from Rel. 16), it would be beneficial to support aperiodically triggered 1T4R with 1 resource set with four single port SRS resources.
· 1T2R and 2T4R Aperiodic SRS is limited to one resource set with two SRS resources with 2 ports each, this means they cannot be used in 2 UL symbol special slot patterns. 
· It would be beneficial to support aperiodically triggered 1T2R and 2T4R as 2 resource sets with 1 or 2 port each in two different slots.
Hence there are some unnecessary limitations in aperiodic SRS triggering with antenna switching that can be relaxed for Rel. 17 to support common and actually used deployments in the field where the special slot only contains two UL symbols. We thus propose:
[bookmark: _Toc66683012][bookmark: _Toc68624167]Support 1T4R aperiodic SRS with 4 resource sets with 1 port each in four different slots.
[bookmark: _Toc66683013][bookmark: _Toc68624168]Support 1T2R and 2T4R aperiodic SRS with 2 resource sets with 1 or 2 port each respectively, in two different slots.
[bookmark: _Toc66683014][bookmark: _Toc68624169][bookmark: _Toc61874747][bookmark: _Ref61874196]Support RRC configurable presence of guard period for antenna switching in FR1 as in LTE.
[bookmark: _Hlk68083659]2.4.2 SRS antenna switching up to 8 Rx
For a UE equipped with a single transmit chain and eight receive chains (1T8R), 15 OFDM symbols will be required at a minimum for an SRS resource to sound all the UE antennas (including a one-symbol gap period between each antenna switch), meaning that more than one slot (i.e., more than one SRS resource) will always be needed to sound all UE antennas, which reduces the flexibility. It should be noted that for TDD it is desirable to place the SRS in the U symbols of special slots. 
In addition, since the UE cannot transmit anything else in the OFDM symbols used for SRS transmission including the gap periods, large overhead will be associated with some antenna-switching configurations (e.g., 1T6R and 1T8R). One possible solution to this could be to have a configurable gap period for some antenna switching configurations, such that less SRS overhead is required. This has been discussed previously, in Section 2.3 above and the proposal made there is also useful for these new AS configurations.
[bookmark: _Toc66682995][bookmark: _Toc68624156]Enabling a configurable guard time period as in Proposal 10,  reduce SRS overhead and improve SRS triggering flexibility also for the new Rel. 17 antenna switching configurations with 6 and 8 RX.
Another problem is that since the slot offset is defined per aperiodic SRS resource set, if a single set has to be used for each SRS configuration, it will limit the flexibility of the SRS transmission. 
As exemplified from observations of existing deployments as discussed in Section 2.4.1, in special slots with only two UL OFDM symbols, only a single SRS resource can be transmitted per slot (assuming guard period is required between SRS resources), which means that multiple SRS resource sets are needed for these SRS configurations if only special slots are to be used for the SRS transmission. 
Hence, it is preferred that different number of SRS resource sets could be configured for each SRS configuration, and where the SRS resources are divided between the one or multiple configured SRS resource sets. This generalizes the urgent proposals in Section 2.4.1 as follows: 
[bookmark: _Toc66683020][bookmark: _Toc68624170]Allow a flexible number of aperiodic SRS resource sets to be configured per SRS configuration and distribute the SRS resources between the configured SRS resource sets.
Table 1 shows the proposed supported number of SRS resource sets and how the number of SRS resources can be divided between the SRS resource sets for different SRS antenna switching configurations. For 1T8R we propose to support a single SRS resource set to be used for UEs that is subject to an associated UE capability of no guard period for SRS antenna switching.
[image: ]
Table 1	Proposed number of supported SRS resource sets for each antenna switching configuration and how the corresponding SRS resources can be divided between the supported number of SRS resource sets.
Lastly, we discuss the 4T6R case. Antenna switching for 4T6R is different from the other cases above in the sense that the number of Rx is not an integer multiple of the number of Tx and, hence, would require a special configuration. 
In current specification, the number of SRS ports in each SRS resource included in one or more SRS resource sets with usage ‘antennaSwitching’ is the same for all resources in the set(s). Furthermore, each SRS port of each resource in the set(s) is associated with a different UE antenna port. There is no way of performing antenna switching for 4T6R without violating at least one of these two rules. 
Specifically, as we see it, antenna switching for 4T6R could be configured in one of two ways:  
1. One or more SRS resource sets configured for ‘antennaSwitching’ for 4T6R containing two or more SRS resources for which SRS ports in two different resources in the set(s) are allowed to map to the same UE antenna port. 
2. One or more SRS resource sets configured for ‘antennaSwitching’ for 4T6R containing two SRS resources with the first resource having two SRS ports and the second resource having four SRS ports, where each SRS port of each resource in the set(s) is associated with a different UE antenna port.
For the first option, a solution that sounds each UE antenna twice, which requires at least three SRS resources, achieves the same power per port as 2T6R and occupies the same number of OFDM symbols (three SRS resources with any additional guard periods). However, it would decrease multiplexing capacity compared to the 2T6R case as four cyclic shifts per comb (or, alternatively, two cyclic shifts over two combs) are needed compared to two cyclic shifts per comb for 2T6R. For the second option, to achieve the same power per SRS port, the number of SRS symbols in the four-port SRS resource should be doubled (e.g., using SRS repetition) compared to the two-port SRS resource, which decreases flexibility. 
Furthermore, UE architectures with an equal maximum power on each Tx chain that is less than 20 dBm (for example with six 17 dBm PAs) will not be able to deliver 23 dBm on two SRS ports, and so using differently sized SRS resources for antenna switching may constrain the choice of UE PA powers.  Hence, we do not see a need for a special UE capability for 4T6R, since we believe that the SRS configuration for 2T6R could be used without any loss in performance or flexibility.
[bookmark: _Toc61874756][bookmark: _Toc66683021][bookmark: _Toc68624171]Do not provide explicit support for 4T6R in Rel. 17.
2.4.3 Triggering a subset of an SRS resource set
In NR Rel. 16, additional UE-capability signaling was introduced indicating that the UE supports SRS antenna switching where only a subset of the UE antennas are sounded, which can be used to reduce UE energy consumption and SRS overhead at a cost of reduced DL performance. In Rel. 17, where the SRS antenna switching will be extended to up to 8 Rx, this feature is expected to become even more important. 
In particular, the SRS resources in reciprocity-based operation with MU-MIMO with multiple and potentially large number of UEs consume significant uplink resources. Also, this is predominantly used in TDD systems which in some deployments have few UL slots or few uplink symbols in special slot. Hence, to be able to manage these resources more dynamically, is important as the load in NR network increases. Also, full channel sounding and partial channel sounding both gives possibility to perform MU-MIMO scheduling but as the acquired channel knowledge is different, performance will differ. Hence, it is possible to trade-off overhead with performance by adapting the SRS transmission scheme.  
[bookmark: _Toc66682996][bookmark: _Toc68624157]Dynamically/semi-statically adapting the SRS configurations is important to manage SRS load and to enable fast tradeoff between SRS overhead and performance/need. 
For example, configure a 2T4R UE with one SRS resource set triggered with a first SRS trigger state used to sound all four UE antennas (to maximize DL performance), and a second SRS resource set with a second SRS trigger state used to sound only two of the four UE antennas (to save SRS overhead). 
However, due to limitations in the number of aperiodic trigger states (three trigger states are currently supported in NR) and since different aperiodic trigger states might be used for triggering SRS resource sets with different usages and/or with different slot offsets, the possibilities to adapt the number of sounded UE antennas in this way is limited. 
Therefore, an enhancement is needed to more efficiently adapting the number of UE antennas that are sounded with antenna switching. For a UE that support multiple TR values, it is beneficial if switching between them can be done faster than using RRC. 
[bookmark: _Toc66683022][bookmark: _Toc68624172][bookmark: _Toc61874759]Introduce MAC-CE signaling for adapting the UE antennas that are sounded for antenna switching, i.e., enable faster than RRC switching between different supported TR antenna switching configurations.  
2.5 SRS capacity and/or coverage enhancements
The following agreement was made in the previous meeting Agreement (RAN1#104-e)
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 
· Support at least one  value from {8, 10, 12, 14}.
· FFS other candidate values.
· Support to transmit SRS only in  contiguous RBs in one OFDM symbol, where  indicates the number of RBs configured by  and .
· Support at least one  value from {2, [3], 4, 8}.
· FFS other candidate values, e.g., non-integer values for .
· 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 signalling mechanism to determine  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.

2.5.1 Increased number of SRS symbols in a slot
The determine the number repetition symbols for an SRS resource, the gNB needs to configure the number of symbols in a slot as well as the repetition factor for said SRS resource. In what follows, let  denote the number of symbols per slot for an SRS resource and let  denote the repetition factor. If frequency hopping is configured for an SRS resource, the number of frequency hops in a slot is given by , otherwise .
In Section 2.6, we provide system-level simulation results demonstrating that frequency-hopping achieves superior performance compared to repetition for interference-limited scenarios. Hence, when extending the number of repetition symbols in a slot (and, hence, the number of symbols per slot), frequency hopping schemes should be extended as well. This will, however, put restrictions on which combinations of  and  that can be configured for an SRS resource (in current NR, the only restriction is that ). In particular, it is sensible to restrict  and  such that the number of frequency hops, , is an integer. Of the candidate values for  in the above agreement,  and  results in  being an integer for all values of  that can be configured in current NR (i.e., 1, 2, and 4). We thus propose to:
[bookmark: _Ref68620481][bookmark: _Toc68624173]Support increasing the number of repetition symbols in a slot and one SRS resource to 8 and 12. 
Even with the above proposal, configuring  and  for an SRS resource would be problematic as this leads to . We therefore propose to:
[bookmark: _Ref68620492][bookmark: _Toc68624174]Introduce a rule stating that the number of symbols in a slot and one SRS resource should be integer divisible by the repetition factor.
For the configurable values of  and  according to Proposal 14, Proposal 15 reduces to the gNB not being allowed to configure  and  for the same SRS resource. 
2.5.2 Partial sounding
In NR Rel. 16, it is possible to configure SRS such that the resulting SRS sequence length is 12, 18, 24, 30, 36, …, 1632. In addition, for SRS for positioning, sequence length 6 is supported. It is not clear from the above RAN1#104-e agreement regarding capacity-and-coverage enhancements whether SRS sequence length 6 (for which there exist suitable low-PAPR sequences in current specification) can be used for SRS with usage other than positioning in NR Rel. 17 or not. To maximize SRS capacity, it is desirable to use as short SRS sequence as possible and, hence, we propose to clarify this issue as follows.
[bookmark: _Ref68625626][bookmark: _Toc68624175]Supported SRS sequence lengths in NR Rel. 17 are 6, 12, 18, 24, 30, 36, , 1632.
In what follows, when partial sounding is configured, we refer to  as the sounded bandwidth for which the resulting SRS sequence length is , where  is the configured SRS bandwidth,  is the comb, and  is the partial-sounding factor. The resulting SRS sequence length must adhere to the constraint in Proposal 16. When partial sounding is not configured, the sounded bandwidth is equal to the configured SRS bandwidth.
In our view, there is limited motivation for supporting partial-sounding factors other than  and  as such values of  offers limited novelty compared to what can be achieved with existing SRS frequency-hopping configurations due to the restriction that no new SRS sequence lengths are to be introduced in NR Rel. 17. Specifically, to use existing SRS sequence lengths (including length 6), for comb 2, the sounded bandwidth must be an integer multiple of 1 PRB, for comb 4, the sounded bandwidth must be an integer multiple of 2 PRBs, and for comb 8, the sounded bandwidth must be an integer multiple of 4 PRBs. Adhering to such restrictions involves, e.g., making allowed partial-sounding factors depend on the configured SRS bandwidth and on the configured comb, or to update the way in which SRS is mapped to physical resources.
To emphasize this point, consider, for example, the case , which results in valid SRS sequence lengths only for SRS bandwidths for which it holds that  is an integer multiple of 4 PRBs. One such case is  PRBs, for which the sounded bandwidth is  PRBs for . However, this sounded bandwidth can be achieved without partial sounding by directly configuring .
Hence, we propose the following.
[bookmark: _Toc68624176]Support partial-sounding factors  and .
In order to achieve capacity gains through partial sounding it is not sufficient to sound only a fraction () of the configured SRS bandwidth. Specifically, additional signaling is required to indicate which part of the configured SRS bandwidth that should be sounded by an SRS resource. One way, which is similar to how SRS resources are multiplexed in existing frequency-hopping schemes, is to configure through RRC signaling a partial-sounding position, per SRS resource.
[bookmark: _Toc68624177]An SRS resource can be configured with a partial-sounding position indicating which part of the configured SRS bandwidth that should be sounded.
[bookmark: _Toc68624178]Further discuss whether which portion of the configured SRS bandwidth that is sounded should be time varying (e.g., according to a predefined hopping pattern) or not.
2.5.3 Comb 8
According to the above RAN1#104-e agreement regarding capacity-and-coverage enhancements, comb 8 will be supported in NR Rel. 17. As in Section 2.5.2, we are assuming that the supported SRS sequence lengths in NR Rel. 17 are 6, 12, 18, 24, 30 36,and so on. With this choice, comb 8 can be configured for all possible SRS bandwidths including the smallest possible SRS bandwidth of 4 PRBs, for which the resulting sequence length is  samples. 
Note, however, that if an SRS resource is configured both with comb 8 and with partial sounding, the resulting number of SRS subcarriers (i.e., the number of subcarriers within the sounded bandwidth divided by the comb) may not be equal to any valid SRS sequence length. For example, if the configured SRS bandwidth is  PRBs, the comb is , and the partial-sounding factor is , the resulting number of SRS subcarriers is 3. Hence, for a harmonized approach, we propose the following:
[bookmark: _Toc68624179]When both comb 8 and partial sounding are configured for the same SRS resource, SRS bandwidth configurations that lead to invalid SRS sequence lengths are not supported.
An open issue is to specify the maximum number of cyclic shifts, , that can be configured for comb 8. In NR Rel. 16, for SRS for positioning, the number of cyclic shifts that can be configured for comb 8 is . In our view, this number is not suitable for SRS for two reasons:
1. The number of SRS ports that can be multiplexed onto a configured SRS bandwidth per OFDM symbol is given by . For comb 4, the maximum number of cyclic shifts is , which results in up to  ports. For comb 8 and , it would be possible to multiplex up to  ports (same as for comb 4). Hence, no capacity gains can be achieved by using comb 8 unless .
2. For multi-port SRS resources, which uses different cyclic shifts for different SRS ports, the maximum number of cyclic shifts should be an integer multiple of the number of SRS ports per SRS resource, which can be 1, 2, or 4. Note that this is not a concern for SRS for positioning for which the number of ports is always 1. 
[image: ]
[bookmark: _Ref68629654]Figure 2	Correlation between SRS sequences used for different SRS ports for the case when the sequence length is 6.
To illustrate the second point, we show in Figure 2 the correlation, in the time-domain (i.e., after computing an IFFT), between the SRS sequence used on the different ports for a 4-port SRS resource with the SRS sequence used on SRS port 0. Here, the SRS sequence length is 6 and the port-specific cyclic shifts are computed according to formulas in NR Rel. 16 specification. We note that the resulting SRS sequences cannot be separated by means of simple time-domain windowing, which is desired. To remedy this issue, and to achieve SRS capacity gains compared to NR Rel. 16, we propose:
[bookmark: _Ref68613635][bookmark: _Toc68624180]For transmission comb 8, the maximum supported number of cyclic shifts should be at least 12 and an integer multiple of 4.
According to Proposal 21, the maximum number of cyclic shifts may exceed the SRS sequence length, which, in turn, could result in nonorthogonal SRS sequences. In fact, with the introduction of SRS partial sounding, cases for which the maximum number of cyclic shifts is larger than the SRS sequence length could occur also for existing combs (i.e., comb 2 and 4). For example, for , if the configured SRS bandwidth is  PRBs and the partial-sounding factor is , the resulting sequence length is  samples, which is smaller than the maximum number of cyclic shifts for comb 4 (i.e., 12 cyclic shifts). We thus propose:
[bookmark: _Toc68624181]For SRS bandwidth and/or partial-sounding configurations for which the resulting SRS sequence length is smaller than the maximum number of cyclic shifts for a configured transmission comb, introduce a rule that restricts which cyclic shifts that are to be applied for said SRS resource.
Such a rule may include prohibiting the configuration of some cyclic shifts in the range [, ]. Furthermore, for multi-port SRS resources, such a rule could involve a mapping between port-specific cyclic shifts to the set of valid cyclic shifts.
[bookmark: _Toc61874768]2.6 	System-level simulation results
In this section, we provide system-level simulation results for SRS enhancements by evaluating the impact, in terms of DL throughput, of increasing the SRS repetition factor and the number of frequency hops per slot. 
2.6.1 Simulation setup
In Table 2, we list the system-level simulation parameters used, unless explicitly stated otherwise, throughout this section.
	System-level simulation parameters

	Metric
	DL mean and cell-edge user throughput

	Traffic model
	FTP Model 1

	Number of sites
	19

	Number of UEs
	2000

	UE distribution
	80% indoor and 20% outdoor

	Handover margin
	3 dB

	Carrier frequency
	3.5 GHz 

	Bandwidth
	40 MHz 

	Subcarrier spacing
	30 kHz

	Channel model
	38.901

	Scenario
	UMa dense urban (UMa with 200 m ISD)

	Packet size
	500 kB

	BS antenna configuration
	(, , , , , , ) = (8, 8 ,2, 1, 1, 4, 8) with (, ) = (0.5, 0.8)


	UE antenna configuration
	(, , ) = (1, {1, 2, 3, 4}, 2), 0.5 element spacing, omni-directional elements


	MIMO scheme
	SU-MIMO and MU-MIMO

	Precoder
	Reciprocity-based SVD and SLNR for SU-MIMO and MU-MIMO, respectively

	BS antenna height
	10 m and 25 m for UMi and UMa, respectively 

	BS transmit power
	47 dBm for 40 MHz bandwidth

	BS noise figure
	5 dB

	UE antenna height
	According to 36.873

	UE transmit power
	At most 23 dBm (set through power-control loop)

	UE noise figure
	9 dB

	Modulation
	Up to 256 QAM

	SRS error model
	36.897

	SRS: number of (used)
cyclic shifts
	8

	SRS: number of frequency hops (baseline)
	1

	SRS: processing gain
	9 dB

	SRS: repetition factor (baseline)
	1

	SRS: transmission comb
	2

	SRS periodicity
	5 slots

	SRS antenna 
switching scheme
	2T4R


Table 2	System-level simulation parameters.
2.6.2 Increased SRS repetition versus increased SRS frequency hopping
In this section, we evaluate, using system-level simulations, the DL throughput gains associated with increasing the repetition factor for the case when inter-sector interference is taken into account. Specifically, in Figure 3, we show, for the UMa dense urban scenario (i.e., UMa with 200m ISD), the cell-edge user throughput in the DL as a function of the SRS repetition factor, which is increased from 1 (i.e., no repetition) to 8. Here, all active UEs are equipped with two transmit ports and four receive ports, which are sounded using 2T4R antenna switching. Furthermore, the transmission rank per UE is limited to two for both SU-MIMO and MU-MIMO. We observe that increasing the repetition factor yields no significant throughput gains. This is because the system is interference limited rather than noise limited for the considered system-level simulation parameters. Hence, since it is here assumed that all UEs use the same SRS configuration (including the same repetition factor), the level of interference will not decrease by increasing the SRS repetition factor. These results demonstrate the importance of performing system-level simulations for evaluating SRS capacity enhancements, as link-level simulations only tell a part of the full story. In practice, increased SRS repetition yields substantial throughout gains only in noise-limited scenarios.
[bookmark: _Toc66683001][bookmark: _Toc68624158]Increased SRS repetition shows only marginal gains in system-level simulations where SRS interference is taken into account.
[image: ]
[bookmark: _Ref61871226]Figure 3	Cell-edge DL throughput as a function of the number of repetitions per slot . Here, the number of SRS symbols per slot is also .

[image: ]
[bookmark: _Ref61872239]Figure 4	Cell-edge DL throughput as a function of the number of frequency hops per slot . Here, the number of SRS symbols per slot is also .
[bookmark: _Toc54298463][bookmark: _Toc54360120][bookmark: _Toc54370428][bookmark: _Toc54370474][bookmark: _Toc54351681][bookmark: _Toc54354164][bookmark: _Toc54365760][bookmark: _Toc54369795][bookmark: _Toc54371471][bookmark: _Toc54371503][bookmark: _Toc54371535][bookmark: _Toc54372438]There exist already several mechanisms for mitigating SRS interference. For example, the SIR can be improved by scheduling fewer SRS resources per transmission comb (i.e., decreasing the number of used cyclic shifts). This approach, however, suffers from the drawback that more time-frequency resources are being used for SRS without improving the SRS SNR. Alternative approaches to mitigating interference that do not require additional time-frequency resources being used for SRS include increasing the transmission comb and increasing the processing gain by performing more aggressive time-domain windowing. For these approaches to work, we, however, need to make sure that the channel delay spread is sufficiently short such that intra-sector interference and channel impulse-response truncation errors do not become the limiting sources of SRS impairments.
An approach that increases that improves the SINR (i.e., that improves both SNR and SIR) and that requires the same number of time-frequency resources as increasing the repetition factor, is to increase the number of frequency hops per slot for an SRS resource.  In Figure 4, we show the DL throughput as a function of the number of frequency hops per slot which is increased from 1 (i.e., no hopping) to 8. By increasing the number of frequency hops per slot, we are able to approach the genie-aided (i.e., perfect) CSI throughput, which we were not able to do by increasing the repetition factor.
[bookmark: _Toc66683002][bookmark: _Toc68624159]Increasing the number of frequency hops per slot is a more effective way of increasing DL throughput than increasing the repetition factor, especially in interference-limited scenarios.
[bookmark: _Toc54294537][bookmark: _Toc54298449]3	Conclusion
In this contribution, we have explored ways to increase aperiodic SRS triggering flexibility and reduce PDCCH overhead as well as ways to repurpose payloads in DCI 0_1 and 0_2 to boost SRS functionality.  Methods to avoid duplicate SRS configurations with SRS antenna switching are elaborated further, including what is and is not supported in Rel-15. SRS switching configurations for up to 4 Rx and for up to 8 Rx are considered, including new set configurations, guard times, the need for a 4T6R configuration, and dynamic adaptation to SRS switching configurations.  Solutions for coverage and capacity based on additional SRS symbols in a slot, partial sounding, and support of comb factor 8, are also presented.  Lastly, system level simulations illustrating the need to consider interference in SRS enhancement designs, and the relative efficacy of repetition and frequency hopping are provided.
We made the following observations: 
Observation 1	A desired Rel. 17 functionality when operating with simultaneous UL MIMO and DL MIMO operation for a UE is for the gNB to use a single SRS measurement for both CB and AS purposes, with no compromise in performance for none of them, compared to using separate SRS resources for CB and AS or same SRS resource in separate slots for CB and AS.
Observation 2	Special slot with 2 UL symbols is used in deployments in both Asia and EU and the 2 UL symbols, suitable for SRS transmissions, in the special slot cannot be used by any of current antenna switching schemes for which , which leads to reduced spectral efficiency.
Observation 3	Enabling a configurable guard time period as in Proposal 10,  reduce SRS overhead and improve SRS triggering flexibility also for the new Rel. 17 antenna switching configurations with 6 and 8 RX.
Observation 4	Dynamically/semi-statically adapting the SRS configurations is important to manage SRS load and to enable fast tradeoff between SRS overhead and performance/need.
Observation 5	Increased SRS repetition shows only marginal gains in system-level simulations where SRS interference is taken into account.
Observation 6	Increasing the number of frequency hops per slot is a more effective way of increasing DL throughput than increasing the repetition factor, especially in interference-limited scenarios.
Based on the discussion in the previous sections and these observations, we propose the following:
Proposal 1	Support option 2, the reference slot is the slot indicated by the legacy triggering offset.
Proposal 2	Support Alt 2-2,  is indicated without adding DCI payload. A UE can be configured, using RRC, a delay value  to each of the SRS trigger states respectively. Possible delay is in the value range {0, 1, 2, 3}. Default value is .
Proposal 3	In DCI format 0_1/0_2 without data and without CSI request we support Alt 1-2: Re-purpose unused DCI field to indicate .
Proposal 4	In case multiple triggered SRS resource sets collide, i.e., map to a potential transmission in overlapping OFDM symbols, set dropping applies based on priority where lower priority set is dropped. Priority is based on set usage, where antenna switching has highest priority and beam management has lowest. Codebook has second highest priority.
Proposal 5	Support A-2 and B-2 for aperiodic SRS triggering and resource management based on re-purposing unused fields in DCI format 0_1/0_2 without data and without CSI.
Proposal 6	At least for a UE supporting maxNumberMIMO-LayersCB-PUSCH = , maxNumberMIMO-LayersPDSCH = , and supportedSRS-TxPortSwitch = ’t2r2’, ’t4r4’, 't1r1-t2r2’, or 't1r1-t2r2-t4r4', when a UE is configured only one -port SRS resource in a set with usage “antennaSwitching” with TR for DL CSI acquisition, the gNB can assume that the UE transmits this SRS resource in the same way (e.g., same virtualization)  as if the set would have been configured with usage ‘codebook’, and such -port SRS resource can be used for an -port UL MIMO precoder selection (i.e., TPMI selection) by the gNB.
Proposal 7	At least for a UE supporting maxNumberMIMO-LayersCB-PUSCH = , and, maxNumberMIMO-LayersPDSCH = , and, supportedSRS-TxPortSwitch contains ‘tr’, when a UE is configured multiple -port SRS resources in a set with usage “antennaSwitching” and the total number of SRS ports in the set across all the resources is , then the gNB can assume that the UE transmits each of these -port SRS resources in the same way (e.g., same virtualization)  as if that -port SRS resource would have belonged to a set configured with usage “codebook”. Thereby, any of these -port SRS resources can be used for an -port UL MIMO precoder selection (i.e., TPMI selection) by the gNB.
Proposal 8	Support 1T4R aperiodic SRS with 4 resource sets with 1 port each in four different slots.
Proposal 9	Support 1T2R and 2T4R aperiodic SRS with 2 resource sets with 1 or 2 port each respectively, in two different slots.
Proposal 10	Support RRC configurable presence of guard period for antenna switching in FR1 as in LTE.
Proposal 11	Allow a flexible number of aperiodic SRS resource sets to be configured per SRS configuration and distribute the SRS resources between the configured SRS resource sets.
Proposal 12	Do not provide explicit support for 4T6R in Rel. 17.
Proposal 13	Introduce MAC-CE signaling for adapting the UE antennas that are sounded for antenna switching, i.e., enable faster than RRC switching between different supported TR antenna switching configurations.
Proposal 14	Support increasing the number of repetition symbols in a slot and one SRS resource to 8 and 12.
Proposal 15	Introduce a rule stating that the number of symbols in a slot and one SRS resource should be integer divisible by the repetition factor.
Proposal 16	Supported SRS sequence lengths in NR Rel. 17 are 6, 12, 18, 24, 30, 36, , 1632.
Proposal 17	Support partial-sounding factors  and .
Proposal 18	An SRS resource can be configured with a partial-sounding position indicating which part of the configured SRS bandwidth that should be sounded.
Proposal 19	Further discuss whether which portion of the configured SRS bandwidth that is sounded should be time varying (e.g., according to a predefined hopping pattern) or not.
Proposal 20	When both comb 8 and partial sounding are configured for the same SRS resource, SRS bandwidth configurations that lead to invalid SRS sequence lengths are not supported.
Proposal 21	For transmission comb 8, the maximum supported number of cyclic shifts should be at least 12 and an integer multiple of 4.
Proposal 22	For SRS bandwidth and/or partial-sounding configurations for which the resulting SRS sequence length is smaller than the maximum number of cyclic shifts for a configured transmission comb, introduce a rule that restricts which cyclic shifts that are to be applied for said SRS resource.
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