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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: _Ref129681832]In RAN#94-e, a new Work Item for Rel-18 on “MIMO Evolution for Downlink and Uplink” was approved, and the motivations, scopes, and objectives were agreed in [1]. Among the objectives, the underlined in the following are related to SRS enhancements, mainly in the aspects of SRS for TDD Coherent Joint Transmission (CJT or C-JT) and 8Tx operation:
4. Study, and if justified, specify enhancements of CSI acquisition for Coherent-JT targeting FR1 and up to 4 TRPs, assuming ideal backhaul and synchronization as well as the same number of antenna ports across TRPs, as follows:
· Rel-16/17 Type-II codebook refinement for CJT mTRP targeting FDD and its associated CSI reporting, taking into account throughput-overhead trade-off
· SRS enhancement to manage inter-TRP cross-SRS interference targeting TDD CJT via SRS capacity enhancement and/or interference randomization, with the constraints that 1) without consuming additional resources for SRS; 2) reuse existing SRS comb structure; 3) without new SRS root sequences
· Note: the maximum number of CSI-RS ports per resource remains the same as in Rel-17, i.e. 32
5. Study, and if justified, specify UL DMRS, SRS, SRI, and TPMI (including codebook) enhancements to enable 8 Tx UL operation to support 4 and more layers per UE in UL targeting CPE/FWA/vehicle/Industrial devices
· Note: Potential restrictions on the scope of this objective (including coherence assumption, full/non-full power modes) will be identified as part of the study.

Then in RAN1#109-e, SRS enhancements for TDD CJT and 8Tx operation were discussed and a set of agreements were achieved (see Appendix 1 and [2]). In this contribution, we continue to discuss SRS enhancements targeting TDD CJT and 8Tx operation.

Justification for specifying SRS enhancements
In parallel with the ongoing discussions which are mainly focused on study aspects of SRS for TDD CJT and 8 ports, the potential specification work can also be discussed and seems justified for further pursuit in Rel-18. The WID states “Study, and if justified, specify SRS enhancements …” which allows the group to move forward to specifying SRS enhancements when justified. Based on existing discussions so far from us and from most companies, some of which are reiterated in the rest of the section, we think specifying SRS enhancements on interference randomization, capacity increase, and 8 Tx is justified. 
SRS enhancements for TDD CJT
TDD Massive MIMO can provide 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 NR. For example, except for multi-TRP NCJT, CoMP technologies have not been thoroughly explored for NR, such as CJT, distributed MIMO (D-MIMO), distributed cooperative MIMO, etc., which are highly motivated by new network architectures such as Cloud RAN (C-RAN) and have been proposed and discussed in RAN Rel-18 preparation workshop and emails. In [3], a proposal to study and support CJT was submitted to 3GPP, with the following key justifications from some operators:
Operators mention promising gain observed from CJT field test in at least indoor scenarios and outdoor intra-site scenarios. 
Operators express willingness to optimize CJT performance and to extend CJT application scenarios, including indoor scenario, outdoor intra-site scenario and outdoor inter-site scenario.
In addition, several sources also provided evaluation results to show high performance gains of FDD CJT and TDD CJT. Therefore, CJT is a promising technique that deserves study and support for NR massive MIMO systems. In particular, FDD CJT agenda item has agreed to move forward with the specification work in RAN1#109-e. 
For TDD CJT, it can already be supported but the SRS-based CSI acquisition can be enhanced. In order to realize the potential gains provided by TDD CJT in massive MIMO systems, the most critical part is SRS enhancements. As shown in Appendix 2, SRS collision (i.e., non-orthogonal SRSs) can render some SRS completely unusable, and orthogonal SRSs are extremely challenging to be configured/coordinated due to the limited SRS capacity. Therefore, it is essential to increase SRS capacity to accommodate more orthogonal SRSs, as well as to increase SRS randomization to avoid persistent SRS collisions. These enhancements will improve SRS-based channel estimation performance and translate to TDD CJT performance gains. 
SRS enhancements for 8 Tx
It is well known that increasing UE Tx antenna ports can significantly improve various performance metrics for UL transmissions and, in the case of TDD, also for DL transmissions. However, a larger number of Tx antenna ports is generally impractical for typical UEs due to limitations in the form factors, battery capacities, processing capabilities, etc. The notable exceptions are CPE/FWA/vehicle/industrial devices which are not subject to those limitations. Therefore, Rel-18 aims to study and specify 8 Tx operation targeting those devices. In addition, though regular UEs may not be able to support 8 Tx now, they may well be capable of simultaneously transmitting with 8 Tx in future, so 8 Tx SRS support will be highly likely needed in future.
In particular, SRS enhancements targeting 8 Tx as outcomes from the present agenda item may be necessary for some other ongoing agenda items, e.g., agenda item 9.1.3.1 “Increased number of orthogonal DMRS ports; Including increasing orthogonal DMRS ports for UL/DL MU-MIMO and 8 Tx UL SU-MIMO” and agenda item 9.1.4.2 “SRI/TPMI enhancement for enabling 8 TX UL transmission; To support up to 4 or more layers per UE in UL targeting CPE/FWA/vehicle/industrial devices”. Therefore, we consider SRS enhancements for 8 Tx are essential for Rel-18 and should be supported.

We thus have the following proposal:
Proposal 1: For Rel-18 reference signal enhancements, proceed to support and specify the following features (the previously agreed WID scopes apply):
SRS enhancement to manage inter-TRP cross-SRS interference targeting TDD CJT via SRS capacity enhancement and/or interference randomization
SRS enhancements to enable 8 Tx UL operation

SRS enhancements targeting TDD CJT
In a TDD network, all UEs transmit SRS for purposes of DL CSI acquisition (with usage ‘antennaSwitching’ to support DL CJT/NCJT/single-TRP transmissions) and UL CSI acquisition (with usage ‘codebook’ or ‘noncodebook’), and sometimes also for TA / UL PC adjustments. (Beam management is not included here as this is for FR1.) In general, a UE may need to send SRS to each every TRP serving the UE. Given the limited UL slots/OFDM symbols in TDD networks, this can lead to severe SRS interference issues (if some SRSs are not orthogonal) and/or SRS capacity issues (if SRSs need to be orthogonal). Therefore, the objective of this item is to manage inter-TRP cross-SRS interference via SRS capacity enhancement and/or reducing the impact of interference by interference randomization.
Key issues to study for the potential enhancements
Before going to the details of discussing the potential enhancements, we’d like to point out several key issues that may be worth of attention. 
Some of the potential enhancements aim for SRS interference randomization, and it could occur that, if not designed/implemented properly, existing orthogonality between the multiplexed SRSs may be lost due to randomization. For example, SRS1 and SRS2 are orthogonal based on the current mechanism (e.g., CDMed or FDMed), but with additional code-domain and/or frequency-domain randomization, they may collide on some resources. In our view, such collision should be avoided by proper design (e.g., hop in the same way) and/or proper implementation (e.g., gNB coordination / configuration). That is, enhancements for SRS interference randomization should not prevent gNB from configuring orthogonal SRSs; this will be revisited later when discussing some of the potential enhancements.
Observation 1: Depending on the design/implementation, some SRS interference randomization enhancements may lead to collision / loss of orthogonality to otherwise orthogonal SRSs multiplexed via FDM/CDM.
Proposal 2: Enhancements for SRS interference randomization should not prevent gNB from configuring orthogonal SRSs.

Many potential enhancements will be discussed in greater details in Sec. 3.3, and we acknowledge that there are more that were proposed (not elaborated in this contribution due to more descriptions of the proposed schemes needed by advocates) or will be proposed. In our view, a lot of these potential enhancements are worth further consideration for standard support, though some require a bit additional study of several issues. Some issues are common for several potential enhancements. The common issues and associated potential enhancements are summarized as follows (see relevant subsections in Sec. 3.3 for detailed descriptions of the enhancements listed in below sub-bullets):

Leading to non-uniform SRS sample pattern in time/frequency domain, and its impact on the SRS-based channel estimation may need to be studied
Pseudo-random RE/PRB skipping within a hop (Sec. 3.3.1)
Comb hopping (Sec. 3.3.1)
Randomized transmission of SRS (Sec. 3.3.3)
SRS parameters based on data transmission parameters (Sec. 3.3.8)
Partial sounding start RB location hopping in one FH period (Sec. 3.3.9)
New sequences for partial sounding start RB location hopping (Sec. 3.3.9)
Potential increase of PAPR 
Per-hop sequence from a long SRS sequence (Sec. 3.3.2)
Configuration of cyclic shift per SRS port per SRS resource (Sec. 3.3.10)
Requiring additional coordination among multiplexed SRSs to ensure orthogonality
Comb hopping (Sec. 3.3.1)
Comb offset hopping (Sec. 3.3.1)
Cyclic shift hopping (Sec. 3.3.2)
Partial sounding start RB location hopping in one FH period (Sec. 3.3.9)
New sequences for partial sounding start RB location hopping (Sec. 3.3.9)
Configuration of  (sequence number within a group) per SRS resource (Sec. 3.3.10)
Impact on the minimum SRS sequence length
Pseudo-random RE/PRB skipping within a hop (Sec. 3.3.1)
Increasing the maximum number of cyclic shifts (Sec. 3.3.6)
Larger partial frequency sounding factor (Sec. 3.3.9)
Impact on signaling overhead
AP SRS with SRS parameters indicated in DCI (Sec. 3.3.8)
P/SP SRS with DCI/MAC changing some parameters (Sec. 3.3.8)

Note that not all proposed potential enhancements have the common issues, and some enhancements may have their specific issues to be studied separately. Nevertheless, RAN1 needs to have some common discussions and solutions to address the common issues.
We have the following proposal:

Proposal 3: For TDD CJT SRS enhancements, study at least the following issues for the potential enhancements:
Leading to non-uniform SRS sample pattern in time/frequency domain, and its impact on the SRS-based channel estimation 
Potential increase of PAPR 
Requiring additional coordination among multiplexed SRSs to ensure orthogonality
Impact on the minimum SRS sequence length
Impact on signaling overhead

TDD CJT scenarios 
To study and support TDD CJT, some assumptions and requirements were provided by the WID [1] and agreements from RAN1#109-e, focused on the SRS-based CSI acquisition for TDD CJT. Below we analyze the SRS scenarios for TDD CJT taking into considerations of the assumptions and requirements.
Some initial analysis of two different approaches of sending the SRS for CJT, i.e., TRP-common SRS and TRP-specific SRS, is provided here, and the two approaches are illustrated in Figure 1.

[image: ]
Figure 1 Illustration of TRP-common SRS and TRP-specific SRS approaches

In Figure 1, 2 TRPs serving 2 UEs are shown. 
UE 1 is served by TRP 1 and sends SRS 1 targeting TRP 1, i.e., its transmit power is set according to the propagation channel between UE 1 and TRP 1, and SRS 1 is received by TRP 1 with the desired power level. 
UE 2 is a CJT UE served by TRP 1 and TRP 2. UE 2 sends at least SRS 2 targeting TRP 2, i.e., its power is set according to the propagation channel between UE 2 and TRP 2, and SRS 2 is received by TRP 2 with the desired power level.

TRP-common SRS
In Figure 1 (a), UE 2 sends a TRP-common SRS, i.e., SRS 2. SRS 2 is targeting TRP 2, but can also be received by TRP 1 via a cross-TRP link, based on which TRP 1 will estimate the channel between UE 2 and TRP 1 and use the acquired CSI for at least the DL CJT. SRS 2 may be received by TRP 1 with a power level different from that of SRS 1. The received power imbalance is due to SRS 2 NOT targeting TRP 1, i.e., its power is NOT set according to the propagation channel between UE 2 and TRP 1. 
The pros of TRP-common SRS include reduced SRS overhead and hence reduced overall cross-SRS interference. 
The cons, however, include the strong interference between SRS 1 and SRS 2 due to the non-negligible received power imbalance at TRP 1. This may cause difficulties in performing channel estimation for UE 1 and UE 2, especially when SRS 1 and SRS 2 are non-orthogonal and when SRS 2 received at TRP 1 via the cross-TRP link is weak. The channel estimation performance highly depends on whether SRS 1 and SRS 2 can be orthogonalized (which depends on if the SRS capacity is sufficient) and how many dB weaker SRS 2 is than SRS 1 at the receiver side; see initial study below. The potential remedies may be to increase SRS capacity (to allow more orthogonal SRSs) and to improve the SRS interference randomization (to avoid persistently high interference), in addition to implementation-based approaches such as network coordination of SRS transmissions for UEs.

TRP-specific SRS
In Figure 1 (b), UE 2 sends TRP-specific SRSs, i.e., SRS 2 to TRP 2 at a time and also SRS 3 to TRP 1 at a different time (i.e., TDMed). SRS 3 is targeting TRP 1, i.e., its power is set according to the propagation channel between UE 2 and TRP 1, and SRS 3 is received by TRP 1 with the desired power level. Based on SRS 3, TRP 1 will estimate the channel between UE 2 and TRP 1 and use the acquired CSI for at least the DL CJT. 
SRS 2 can still be received at TRP 1 via the cross-TRP link, similar to the SRS 2 in the TRP-common SRS case, that is, SRS 2 may still cause interference to SRS 1. However, TRP 1 does not need to perform channel estimation based on SRS 2. 
The pros of TRP-specific SRS include the elimination of the received power imbalance at TRP 1 for any SRS that will be used for channel estimation, which may improve the channel estimation performance between UE 2 and TRP 1, and hence improve the DL CJT performance for UE 2.
The cons include increased SRS overhead and hence cross-SRS interference. A potential remedy may be to increase the SRS capacity.

Pathloss difference study for TRP-common SRS
[bookmark: _Hlk111025627]As mentioned before, in the scenario of TRP-common SRS where there exist SRSs sent by a UE and utilized by multiple TRPs for channel estimation, the pathlosses between the UE and TRPs can be quite different, which will lead to SRS receive power imbalance at the TRP receiver. The power imbalance value is related to the pathloss difference. Some initial numerical study is provided in Appendix 2, which shows that, if only 3 dB pathloss difference is allowed, then about 28% of UEs can be served by 2 TRPs, 5% of UEs can be served by 3 TRPs, and only 1% of UEs can be served by 4 TRPs. In general, the higher the percentage of UEs that can be served by 2, 3, or 4 TRPs, the better the CJT performance. Thus, allowing only 3 dB pathloss difference is quite limiting and will not deliver high CJT performance gains. Likely, at least 6 dB to 10 dB pathloss difference needs to be handled in practical scenarios. The pathloss difference will become receive power imbalance. For example, if there is 10 dB pathloss difference, there may be about 10 dB receive power imbalance in total (at one TRP or split in two TRPs).

Observation 2: For TDD CJT SRS enhancements, 
TRP-common SRS can reduce SRS overhead, but channel estimation for a weak link may be degraded, especially if SRSs are non-orthogonal. Potential remedies include increasing SRS capacity and SRS interference randomization.
TRP-specific SRS leads to higher SRS overhead and interference. Potential remedies include increasing SRS capacity.
 Observation 3: For TDD CJT SRS enhancements, 
At least 6 dB to 10 dB pathloss difference needs to be handled in practical scenarios.
Non-orthogonal SRSs lead to significant performance degradation, especially for the weaker SRS.
Orthogonal SRSs generally have good performance; the weaker signal is a bit worse (about x dB degradation if it is x dB weaker).

[bookmark: _Hlk100571133]Discussion on potential enhancements
A number of potential SRS enhancements have been captured in the agreement in RAN1#109-e [2]. Some of them were proposed or discussed in earlier 3GPP contributions (see, e.g., [3-9] and references therein), including some in Rel-18 RAN plenary discussions and some in Rel-17 Enhancements on SRS flexibility, coverage and capacity in Rel-17 FeMIMO. In this subsection, we discuss the potential enhancements in the agreement one by one.
	Randomized frequency-domain resource mapping for SRS transmission
[bookmark: _Hlk109640215]Randomized frequency-domain resource mapping for SRS transmission was proposed by several companies, and some examples were captured in the agreement, e.g., further enhancements to frequency hopping (FH), comb hopping.
Further enhancements to frequency hopping
SRS FH has been defined since Rel-15 and also enhanced in Rel-17 with RB-based partial frequency sounding (RPFS). Some potential enhancements are discussed below, and further enhancements to FH along the line of RPFS will be discussed in Sec. 3.3.9.
SRS FH is mainly based on a set of parameters including , , , , and  together with a set of equations associated with them. The FH design is bit delicate, and it is preferred that any FH enhancements only add on top of the existing FH patterns but not to alter the existing parameters / equations / patterns. For example, changing the equations depending on  values or definition of  by changing the number of PRBs in a hop may not be desirable, but adding more rows to Table 6.4.1.4.3-1: SRS bandwidth configuration in TS 38.211 to support more  values may be considered, and reducing the number of PRBs or REs based on the existing  value for a hop may be considered.

[bookmark: _Hlk110606603]Appending Table 6.4.1.4.3-1: SRS bandwidth configuration in TS 38.211 with more rows/columns 
This table with (, , ) may be appended with more rows, such that with the same maximum sounding bandwidth , more  values are supported and the gNB can choose from them for better randomization outcomes. For example, for , for now there is only one row and hence one  value (= 2), but more rows can be added with  for this maximum sounding bandwidth to support  and so on, and correspondingly new  values and  values can be defined. Similarly, the table may be appended with more columns to the right with >3, mainly for the appended new rows. All the existing definitions of parameters and equations do not need to be changed.
Extending this table is fully backwards compatible, relatively straightforward, and easy to be supported with existing framework of signaling and operations. With the appended table, the gNB can configure more FH patterns, which improves SRS interference randomization.

Pseudo-random RE/PRB skipping within a hop
Within the current sounding bandwidth of a hop, some REs or PRBs may be skipped, and over different hops, the skipping may be different to increase the degree of randomization. To prevent increasing PAPR, the REs skipped should be uniformly distributed in frequency (essentially using a new comb value; to be discussed below) or on the edges of the FH bandwidth, and the PRBs skipped should be on the edges of the FH bandwidth. For example, on a hop, the gNB may signal the UE to skip the bottom edge x PRBs, and on the next hop, the gNB may signal the UE to skip the top edge y PRBs and bottom edge y PRBs, etc. The gNB may also signal the UE to skip half of the PRBs and so on, which is similar to RPFS discussed later in Sec. 3.3.9. 
An implication of RE/PRB skipping is that the channel estimation based on SRS cannot assume a uniform pattern in time/frequency domains, i.e., at some times, SRS samples are not available on some REs carrying SRS according to previous mechanisms. See below figure for an illustration. This may affect the channel estimation filter design and the performance. However, with narrower per-hop bandwidth from the RE/PRB skipping, the per-RE SRS power may be boosted to compensate the performance loss. In addition, with RE/PRB skipping, the SRS sequence becomes shorter, which may have some impact on code-domain resource orthogonality and can be further studied.


[image: ]
Figure 2 Example of RE/PRB skipping within a hop (for an example of 3 transmission occasions), from which one can see SRS samples are not available on some REs in some transmission occasions

Comb hopping
Comb hopping was proposed by some companies. Here we discuss comb hopping and comb offset hopping.

Comb hopping with comb values according to a pseudo-random sequence
Comb hopping may mean that on a first SRS transmission occasion of a SRS resource, a comb (e.g., 2) is used, and on a second SRS transmission occasion, a different comb is used (e.g., 8). Then over time, the SRS interference is presented on some REs in some OFDM symbols but not persistently in all the SRS OFDM symbols, thus achieving (pseudo-) randomization in frequency-domain.
To support comb hopping, a comb hopping sequence can be defined, e.g., {2,4,8,2,4,8,…}. 
To ensure that CDMed SRS transmissions are still orthogonal among them, it may be necessary to configure the CDMed SRSs with the same comb hopping sequence. Other means to maintain CDM orthogonality with comb hopping can also be studied.
Similar to pseudo-random RE/PRB skipping within a hop, with comb hopping, the receiver performing the channel estimation based on SRS cannot assume a uniform pattern in time/frequency domains, i.e., at some times, SRS samples are not available on some REs. This may affect the channel estimation filter design and the performance.

Comb offset hopping with comb offset values according to a pseudo-random sequence
Comb offset hopping may mean that on a first SRS transmission occasion of a SRS resource, a comb offset (e.g., 0) is used, and on a second SRS transmission occasion, a different comb offset is used (e.g., 1). Then over time, the SRS interference is shifted across the  REs ( is the configured transmission comb) and achieves (pseudo-) randomization in frequency-domain.
To this aim, a comb offset hopping sequence may be used. For a SRS resource configured for positioning purposes (with IE SRS-PosResource), a comb offset hopping over multiple OFDM symbols within a slot is enabled via a comb offset hopping sequence , but the mechanism is not available for a SRS resource not configured for positioning purposes:

	TS 38.211, 6.4.1.4.3
If the SRS is configured by the IE SRS-PosResource, the quantity  is given by Table 6.4.1.4.3-2, otherwise .

  Table 6.4.1.4.3-2: The offset  for SRS as a function of  and .
	
	

	
	
	
	
	
	

	2
	0
	0,1
	0,1,0,1
	-
	-

	4
	-
	0, 2
	0, 2, 1, 3
	0, 2, 1, 3, 0, 2, 1, 3
	0, 2, 1, 3, 0, 2, 1, 3, 0, 2, 1, 3

	8
	-
	-
	0, 4, 2, 6
	0, 4, 2, 6, 1, 5, 3, 7
	0, 4, 2, 6, 1, 5, 3, 7, 0, 4, 2, 6






This mechanism may be introduced to a SRS resource not configured for positioning purposes. However, if supported, this mechanism may be enabled by the gNB with careful planning across multiple multiplexed SRS transmissions to avoid SRS collisions on the same REs on some OFDM symbols. For example, some 2-symbol 4-port SRS may be multiplexed with a 4-symbol 4-port SRS, and the SRSs overlap on the last 2 OFDM symbols of a slot via FDM based on different comb offsets. Then with the 2-symbol 4-port SRS hopping with the pattern {0,2} but the 4-symbol 4-port SRS hopping with the pattern {0,2,1,3}, the SRSs may sometimes occupy the same comb offset on some OFDM symbols and lead to collision with strong interference. Of course this can be anticipated by the gNB and the gNB can configure parameters appropriately to prevent this occurring (e.g., the SRSs occupy the same OFDM symbols and PRBs), though with some loss of configuration flexibility.
Similarly, comb offset hopping sequence may also be defined over multiple slots. Details can be considered in future meetings.

Overall, several randomized frequency-domain resource mapping enhancements for SRS transmission can be considered. A key limitation of these enhancements is that they need to ensure that when a SRS transmission occupies some REs not assigned based on legacy standards, a potential collision may occur. Though via proper gNB implementation, the potential collision may be avoidable, but higher complexity and some loss of configuration flexibility may be possible. Another aspect to be studied is the non-uniform time/frequency-domain SRS samples due to hopping and randomization, which may impact SRS-based channel estimation.

Proposal 4: For randomized frequency-domain resource mapping for SRS transmission, study
Appending Table 6.4.1.4.3-1: SRS bandwidth configuration in TS 38.211 with more rows/columns 
Pseudo-random RE/PRB skipping within a hop, its potential impact due to non-uniform time/frequency-domain SRS samples, and its potential impact on the minimum SRS sequence length
Comb hopping with comb values according to a pseudo-random sequence, its potential impact on multiplexing multiple SRSs, and its potential impact due to non-uniform time/frequency-domain SRS samples
Comb offset hopping with comb offset values according to a pseudo-random sequence, and its potential impact on multiplexing multiple SRSs

	Randomized code-domain resource mapping for SRS transmission
Randomized code-domain resource mapping for SRS transmission was proposed by several companies, and some examples were captured in the agreement, e.g.,	cyclic shift hopping / randomization, sequence hopping / randomization, per-hop sequence from a long SRS sequence.
Cyclic shift hopping/randomization with additional cyclic shift offset values according to a pseudo-random sequence
In existing standards, the mapping between SRS port(s) and cyclic shift(s) is fixed and cannot be changed unless a RRC reconfiguration of the SRS. Therefore, once two SRSs collide with the same cyclic shift(s) on an OFDM symbol, they may collide on other OFDM symbols. The collision with the same cyclic shift can severely degrade SRS-based channel estimation performance with different SRS sequences, and can render SRSs unusable with the same SRS sequence. To improve the interference randomization across different SRSs sent by different UEs, cyclic shift hopping/randomization may be considered.
To enable cyclic shift randomization/hopping over time, a pseudo random sequence to introduce additional offset(s) of the current cyclic shift(s) can be utilized. When multiple ports of a SRS resource are multiplexed on a RE via different cyclic shifts, the current design provides a suitable spacing between them (generally spreading the ports uniformly, e.g., 2-port SRS may use cyclic shifts 0 and 4 for the case of maximum 8 cyclic shifts). The spacing can be maintained if a common additional offset is applied to all the ports, which simplifies the design. 
For SRSs orthogonalized via CDM with the same sequence and occupying the same OFDM symbols and PRBs, they should be configured with the same cyclic shift hopping sequence so that they hop in the same way to maintain CDM orthogonality. In other words, all CDMed ports / UEs should hop in a pre-coordinated way to avoid collision. A possible way is that, the hopping pattern may be a function of the sequence ID, such as changing the configured cyclic shift value   to , where  is the SRS sequence ID (ranging from 0 to 1023),  is a pseudo-random integer sequence on multiple SRS transmission occasions,  may be an additional value signaled by the network to further randomize among different cells with possibly the same sequence,  is the indexing for SRS transmission occasions, and  is the maximum cyclic shift. These SRSs should occupy the same OFDM symbols, otherwise over time they may use different cyclic shift offsets on an OFDM symbol and collide.

Sequence hopping/randomization 
Sequence hopping and sequence group hopping have been supported in 5G NR since Rel-15; see 6.4.1.4.2 in TS 38.211. The sequence group number  and the sequence number  can change over different SRS transmission occasions, roughly speaking initialized with the parameter  () and hopping based on a pre-defined pseudo-random sequence . The resulting SRS sequence group number  may hop over 30 values and the SRS sequence number  may hop over {0,1}. Sequence hopping and sequence group hopping may be enabled as sequence hopping only or sequence group hopping only, but not both. 
As such, sequence-level hopping/randomization is already standardized. Though introducing more hopping patterns for sequence hopping or sequence group hopping can be straightforward, such as introducing a new parameter or a new pseudo-random sequence, it is unclear how much additional gains can be achieved since the current sequence number or sequence group number is already sufficiently (pseudo-) randomized via  and . What we can see as a low complexity enhancement from the existing design may be to enable sequence hopping and sequence group hopping for the same SRS resource, which increases the level of randomization. That is, if groupOrSequenceHopping specifies both sequence hopping and group hopping, sequence hopping and group hopping shall be used, with the sequence hopping part according to that in sequence hopping only and the group hopping part according to that in group hopping only, i.e., 




where the pseudo-random sequence  is defined by clause 5.2.1 of TS 38.211 and shall be initialized with  at the beginning of each radio frame. 

Per-hop sequence from a long SRS sequence
SRSs generated from the same base sequence  of the same base sequence length  (which is a prime number) and different in only the cyclic shifts are orthogonal over any integer multiple of 12 SRS subcarriers, and other than that, SRSs are generally non-orthogonal. Therefore, when a SRS with a shorter length is multiplexed with a SRS with a longer length, they are generally not orthogonal. This may lead to some issues or limitations. For example, SRS1 with FH multiplexed with SRS2 spanning on PRBs of multiple hops are not orthogonal with each other, and SRS1 with RPFS multiplexed with SRS2 spanning on PRBs of multiple partial sounding are not orthogonal with each other. 
This issue may be remedied by using the same base sequence  of the same base sequence length  for different SRSs, even if in an SRS transmission occasion, the SRS sequence length is shorter than  due to FH and/or RPFS. Then as long as the overlapping subcarriers are an integer multiple of 12, the SRSs on the overlapping portion are orthogonal with each other. One simple way to enable this is that, for FH, the parameter  of the SRS sequence is generated based on  instead of , and for RPFS, the parameter  of the SRS sequence is generated based on  (for FH) or  (for non-FH) instead of . In other words, the per-hop or RPFS SRS sequence is extracted from a long SRS sequence.
An issue with this approach is the increased PAPR due to the truncation of the ZC sequence. This issue may be partially remedied by the increased SRS transmission power per RE due to the shorter SRS sequence. The tradeoff between the higher multiplexing capacity and increased PAPR can be further discussed. 

Proposal 5: For randomized code-domain resource mapping for SRS transmission, study
Cyclic shift hopping/randomization with additional cyclic shift offset values according to a pseudo-random sequence, and its potential impact on multiplexing multiple SRSs
Combining SRS sequence hopping and sequence group hopping
Extracting the SRS sequence from a long SRS sequence in frequency hopping and/or RPFS, and its impact on PAPR

Randomized transmission of SRS
Randomized transmission of SRS was proposed by some companies and captured in the agreement, such as pseudo-random muting of SRS transmission for periodic and semi-persistent SRS. For P SRS or SP SRS, the interference generated by it is generally predictable in the time-domain, and randomization may be introduced to improve the SRS performance. A binary pseudo-random sequence may be introduced with each bit corresponding to a potential SRS transmission occasion (before the randomization is applied), and the SRS is actually transmitted only if the bit is 1. If more randomness is preferred, the pseudo-random sequence may further include some fractional values (between 0 and 1) and a fraction of the number PRBs are actually sounded in a SRS transmission occasion. 
A possible con with the randomized transmission of SRS is that, the channel estimation based on SRS cannot assume a uniform pattern in time/frequency domains, i.e., at some times, SRS samples are not available on some REs. This may affect the channel estimation filter design and the performance.
Proposal 6: For randomized transmission of SRS, study skipping some SRS transmission occasions or a fraction of the PRBs of some SRS transmission occasions according to a pseudo-random sequence, and its potential impact due to non-uniform time-domain SRS samples.

Per-TRP power control and/or power control of one SRS towards to multiple TRPs
Some enhancements on per-TRP power control and/or power control of one SRS towards to multiple TRPs were proposed and captured in the agreement.
As discussed in Sec. 3.2 and Appendix 2, in the scenario of TRP-common SRS where there exist SRSs sent by a UE and utilized by multiple TRPs for channel estimation, the pathlosses between the UE and TRPs can be quite different, which will lead to SRS receive power imbalance at the TRP receiver. Likely, at least 6 dB to 10 dB pathloss difference needs to be handled in practical scenarios. The pathloss difference will become receive power imbalance. For example, if there is 10 dB pathloss difference, there may be about 10 dB receive power imbalance in total, at one TRP if the TRP-common SRS transmission power is set according to the pathloss of one TRP, or split in two TRPs if the TRP-common SRS transmission power is set according to the pathloss values of two TRPs (such as based on the average of the pathloss values). Which one leads to better overall CJT performance may be subject to further study.
However, we note that if it is desirable to adjust the SRS transmission power, the standards already provide quite some flexibility. For example, if the gNB would like a SRS to be sent with a higher/lower power with a fixed amount of difference, it can set  differently. If the gNB would like to change the SRS transmission power sensitivity to pathloss, it can change  value. If the gNB would like to change the SRS transmission power in one or several occasions, it can signal a TPC command which every time can change the power by -1 dB to 3 dB. Therefore, if a new approach for power control with standard impact is proposed, it is suggested that the new approach be compared with implementation-based approach.
Proposal 7: For Per-TRP power control and/or power control of one SRS towards to multiple TRPs, study whether a new approach with standard impact is beneficial.

	SRS TD OCC
Enhancements on SRS TD OCC were proposed and captured in the agreement. In TD OCC, the same SRS on 2 or more adjacent OFDM symbols applies an orthogonal cover code such as {+1,+1} {+1,-1} and so on.
A potential advantage of the SRS TD OCC is that the SRS may be transmitted on more OFDM symbols while multiplexed with other SRS in an orthogonal way, and then on each of the multiple OFDM symbols the SRS can be transmitted with a desired power (as opposed to being ‘muted’ on some of the multiple OFDM symbols if TD OCC is not utilized). In addition, compared to SRS repetition, TD OCC may effectively average the different interference experienced by the SRS on different OFDM symbols, and hence it may work well with SRS interference randomization.
A few issues may need to be resolved for SRS TD OCC. Different from CSI-RS or DMRS using OCC, SRS utilizes cyclic shifts to multiplex with another SRS. If SRS TD OCC is to be supported, an approach that incorporates both cyclic shifts and TD OCC is required. Furthermore, with the SRS receive power imbalance (e.g., 6 dB to 10 dB) that may occur in some CJT scenarios, the multiplexed SRSs with TD OCC may have different receive power levels, and how this affects the SRS performance may require further study.
Proposal 8: For SRS TD OCC, study 
How to multiplex SRSs with both TD OCC and cyclic shifts
Impact of multiplexed SRSs with different receive power levels

[bookmark: _Hlk110609924]	Increasing the maximum number of cyclic shifts 
Increasing the maximum number of cyclic shifts was proposed by some companies and captured in the agreement, including, e.g., multiplying mask sequence to the legacy SRS sequence to effectively increase the maximum cyclic shifts.
In TS 38.211, the following maximum numbers of cyclic shifts are supported:

	TS 38.211
6.4.1.4 Sounding reference signal
…
6.4.1.4.2 Sequence generation
Table 6.4.1.4.2-1: Maximum number of cyclic shifts  as a function of .
	
	

	2
	8

	4
	12

	8
	6






One way to increase the SRS capacity is to allow higher maximum numbers of cyclic shifts to be specified. For example, the maximum for comb 2 may be increased to 12 or 16, comb 4 may be increased to 16, and comb 8 may be increased to 12. To avoid loss of orthogonality, the increased maximum numbers may only be for FR1 and also subject to gNB decision under the scenarios of short delay spreads, such as in case of small cells and/or indoor scenarios. In general, the feasibility and potential applicable scenarios for increased maximum of cyclic shifts can be further studied in RAN1.
If the maximum number of cyclic shifts is increased for a comb, in some cases a SRS with the increased maximum should not be multiplexed on the same RE with another SRS with the legacy maximum to avoid the loss of orthogonality between them. For example, if the maximum is increased from 8 to 12 and if a legacy SRS and new SRS are multiplexed on the same RE, then the spacing between them could be as small as 1/24 of the total spacing, rather than 1/12 of the total spacing. This can also be a con for this potential enhancement. To avoid this issue, the gNB may not multiplex legacy and new SRSs on a same RE, or the gNB has to avoid configuring some cyclic shifts for the SRSs which are too close to each other, the maximum may be increased as a multiple of the legacy maximum.
In addition, the minimum SRS sequence length for each comb may need to be further examined. This can be subject to further study. 
[bookmark: _Hlk110933073]Proposal 9: Study increasing the maximum number of cyclic shifts to 12 or 16, including the feasibility and potential applicable scenarios, multiplexing with legacy SRSs, and impact on minimum SRS sequence length.

	Precoded SRS for DL CSI acquisition
In existing standards, SRS with usage ‘antennaSwitching” for DL CSI acquisition is not precoded, which is similar to SRS with usage ‘codebook’ for UL CSI acquisition. Thus, for a 4-port SRS with ‘antennaSwitching’, it needs to consume 4 times resources in time/frequency/code domains as a 1-port SRS. However, if in a CJT transmission with many UEs paired, a UE may only need to support 1 or 2 layers. Therefore, if precoded SRS for DL CSI acquisition is supported, the UE may only need to sound for the 1 or 2 layers on 1 or 2 precoded ports, which can lead to significant SRS overhead reduction and increase of SRS capacity. The overhead reduction may be more pronounced for 8 (or even more) Tx SRS, if supported.
To support precoded SRS for DL CSI acquisition, we note that precoded SRS is already supported since Rel-15. That is, SRS with usage ‘nonCodebook’ for UL CSI acquisition is precoded. Based on what we can foresee, the potential standards support for precoded SRS for DL CSI acquisition is very similar to that for NCB SRS. Hence, we can expect that the essential standard impact for supporting precoded SRS for DL CSI acquisition is limited.
Proposal 10: For precoded SRS for DL CSI acquisition, study whether the standardized mechanism for NCB SRS can be largely reused.

Enhanced signaling for flexible SRS transmission
Some companies proposed enhanced signaling for flexible SRS transmission and it was captured in the agreement, e.g., dynamic update of SRS parameters. 
In existing standardized mechanisms, most SRS parameters are specified using RRC configuration signaling, which can be quite slow and inflexible. For example, most of the time/frequency/code domain parameters for a SRS transmission are based on RRC, so even with various hopping/randomization schemes, SRS transmissions follow a quite deterministic pattern, and hence SRS interference may not have sufficient randomness. Thus, if needed, MAC CE and DCI may be enhanced to improve the flexibility of SRS parameter assignments, and the gNB can determine on the fly the best SRS transmission parameters to use and convey the decision to the UE via MAC CE or DCI.

AP SRS with SRS parameters indicated in DCI
In existing DCI design, only at most 3 bits for SRS request, at most 2 bits for SRS available offset indication, and at most 2 bits for SRS TPC command are conveyed for AP SRS transmissions. Obviously, this does not provide sufficient flexibility for the gNB to control the AP SRS transmissions, and thus the AP SRS transmissions are of limited patterns and randomness.
To overcome this issue, more parameters may be signaled by the gNB in DCI. Frequency-domain parameters such as the sounding bandwidth and comb, and code-domain parameters such as the sequence identity and cyclic shifts, as well as some randomization parameters described above such as an indicator of a pseudo-randomization sequence to be used by the UE for the SRS, may be included in a DCI. This may well increase the DCI overhead, and designs such as GC-DCI or other means to reduce the DCI overhead should be considered. For example, to avoid high DCI overhead, a typical approach is to utilize MAC CE to activate/deactivate/update some parameter sets and then rely on DCI to indicate further selections based on the MAC CE. This is similar to CSI request trigger state list update by MAC CE and then up to 6 bits in DCI to select a CSI request trigger state. Another means to reduce the DCI overhead is described below.

SRS parameters based on data transmission parameters
Compared with various SRS transmissions with pre-determined pseudo-randomization schemes, data transmissions are intrinsically more random. A potential approach to significantly improve the SRS interference randomness and capacity is to rely more on AP SRS transmissions on an on-demand basis as soon as a data packet arrives and reduce the P/SP SRS transmissions, and the AP SRS parameters may be partially based on the associated data transmission parameters. For example, the PUSCH/PDSCH FDRA is determined based on many factors such as traffic loads, channel and interference variations, scheduler algorithms, etc., and hence the allocated bandwidth and PRB locations are highly random. Then an AP SRS may be used for the CSI acquisition for the data transmission and hence may reuse the data transmission parameters for the SRS, such as using the PUSCH/PDSCH FDRA to determine the SRS frequency-domain resource location. In fact, SRS transmission may not need to cover the entire bandwidth but just the bandwidth that data will be sent. Then by proper DCI design, the SRS indication may be embedded in the PUSCH/PDSCH scheduling DCI with limited DCI overhead increase. Due to the randomness of data transmission PRB locations, the SRS transmission PRB locations will also be a bit unpredictable, and its impact on SRS-based channel estimation can be further studied.

P/SP SRS with DCI/MAC changing some parameters
P/SP SRS does not have sufficient randomness once configured/activated. To improve the flexibility and increase the randomness, DCI or MAC CE may be used to dynamically change/update some parameters of P/SP SRS transmissions. For example, the configured cyclic shift value  may be updated by DCI/MAC once in while, the SRS sequence ID may be updated by DCI/MAC once in while, etc. As described before, the change of the parameters may need to be sent to not only one UE but multiple UEs with SRSs multiplexed with each other. Therefore, a group-common DCI/MAC update signaling may be provided for reduced signaling overhead.

Proposal 11: For enhanced signaling for flexible SRS transmission, study
AP SRS with SRS parameters indicated in DCI and its impact on DCI overhead
SRS parameters based on data transmission parameters and its impact on channel estimation
P/SP SRS with DCI/MAC changing some parameters and its impact on DCI overhead

[bookmark: _Hlk110610355]	Partial frequency sounding extensions
Partial sounding can be a useful technique to enable more SRSs to be multiplexed. In Rel-17, RB-based partial frequency sounding (RPFS) was introduced. Partial frequency sounding extensions was proposed by some companies and captured in the agreement, such as larger partial frequency sounding factor, starting RB location hopping enhancements, partial frequency hopping on other bandwidths corresponding to ,    besides the last bandwidth . 

Larger partial frequency sounding factor 
In Rel-17, partial sounding factors PF = 2 and 4 are supported. For Rel-18, other PF factors can help ease the SRS capacity crunch. Given the current SRS design, additional PF factors such as 3, 6, 8, or 12 can be considered, which is generally a straightforward extension of the Rel-17 mechanism and can significantly increase the SRS capacity.
Partial sounding may require a longer time for the UE to complete the sounding on a bandwidth. To alleviate this issue, the gNB can decide to turn on partial sounding with higher PF factors only if the frequency/temporal selectivity is not too severe. In addition, with partial sounding, the transmission power for each RE can be increased, which may offset the negative impact due to a larger PF factor. 
 Another issue for RPFS is that in some cases, after reducing the sounding bandwidth, the SRS sequence length becomes very short, such as shorter than the maximum number of cyclic shifts. Further study is needed. In addition, larger PF factor may not be applicable for some sequence length if the Rel-17 agreement on the sequence length is still kept:
RAN1 108-e Meeting
Agreement
When RPFS is configured, UE expects the length of the SRS sequence to be a multiple of 6.

To summarize, increasing the PF factor can be an effective way to significantly reduce the cross-SRS interference via increasing the SRS capacity so that more SRSs may be multiplexed in an orthogonal way, though with some cons and some issues requiring further study. Nevertheless, whether to utilize the enhancement for a particular scenario can be up to the gNB to determine, that is, the gNB can apply the enhancement only if it deems suitable and beneficial for the scenario.

Starting RB location hopping enhancements 
Partial sounding start RB location hopping in one FH period according to a pseudo-random sequence
For frequency hopping with RPFS, start RB location hopping is supported across different legacy FH periods. However, for SRS within the same FH period, e.g., with repetition factor R>1, additional start RB location hopping was discussed but not supported. Considering the need for improved interference randomization, partial sounding start RB location hopping in one FH period may be further discussed in Rel-18.
To support start RB location hopping in one FH period, note that the frequency-domain starting position  is defined by

where 

defines the starting RB location hopping for different FH periods. One more term may be added to the equation to realize start RB location hopping in one FH period, e.g., 

and  depends only on the SRS counter  and is selected from a pre-defined pseudo-random sequence, such as {0,2,1,3}. With this simple change, each time when SRS is transmitted, the SRS counter increases by 1, and accordingly the next number in the pseudo-random sequence is selected and added to the SRS starting position value. This achieves start RB location hopping in one FH period. The same equation may also be applied to the case without FH, and hence even when FH is not enabled, some additional randomness can be possible if this scheme is adopted.
This scheme helps provide increased interference randomization benefit, but the resulting SRS samples in time/frequency domains can be quite non-uniform now, which may add complexity in the channel estimation or impact the channel estimation performance. 

New sequences for partial sounding start RB location hopping 
In Rel-17, RB-based partial frequency sounding start RB location hopping sequences were introduced. Specifically, for PF = 2,  = {0, 1}, and for PF = 4,  = {0, 2, 1, 3}. These hopping sequences help randomize the SRS frequency locations, but the number of sequences is very limited. In Rel-18, more hopping sequences may be considered to achieve higher interference randomization gains.
For example, PF = 2,  = {1, 0} may be added as an option for gNB configuration, and it may be configured with a multiplexed RPFS SRS so that they will always occupying different PRBs. For PF = 4,  = {0, 1, 2, 3}, which was proposed by some companies before, may also be added, and it may be multiplexed with other RPFS SRSs in a FDM way for all the transmissions. If PF = 8 is supported,  = {0, 4, 2, 6, 1, 5, 3, 7} (which is an existing pseudo-random sequence) may be supported, or  = {0, 1, 2, 3, 4, 5, 6, 7} may be supported.
Generally, to avoid collision of SRSs multiplexed on potentially overlapping time/frequency/code domain resources if RPFS is enabled, the gNB may need to configure all these SRSs with the same PF factor and the same hopping sequence. This requires extra coordination effort by the gNB.

Proposal 12: For partial frequency sounding extensions, study
Larger partial frequency sounding factor, its potential impact due to non-uniform time/frequency domain SRS samples, and its impact on minimum sequence length 
Partial sounding start RB location hopping in one FH period according to a pseudo-random sequence, its potential impact due to non-uniform time/frequency domain SRS samples, and its potential impact on multiplexing multiple SRSs
New sequences for partial sounding start RB location hopping, its potential impact due to non-uniform time/frequency domain SRS samples, and its potential impact on multiplexing multiple SRSs

	Enhanced configuration of SRS transmission to enable more efficient SRS parameter assignment
Some enhancements on enhanced configuration of SRS transmission to enable more efficient SRS parameter assignment were proposed and captured in the agreement, e.g., configuration of  (sequence index within a group) per SRS resource, configuration of cyclic shift per SRS port per SRS resource.
To be consistent with TS 38.211 (excerpt below), we will refer to  as ‘sequence number’ as opposed to ‘sequence index’:
	TS 38.211, 6.4.1.4.2
The sequence group  and the sequence number  in clause 5.2.2 depends on the higher-layer parameter groupOrSequenceHopping in the SRS-Resource IE or the SRS-PosResource IE. The SRS sequence identity  is given by the higher layer parameter sequenceId in the SRS-Resource IE, in which case , or the SRS-PosResource-r16 IE, in which case . The quantity  is the OFDM symbol number within the SRS resource.



Configuration of  (sequence number within a group) per SRS resource
In the current standards,  is set as 0 except if sequence hopping is configured for a long SRS sequence of a SRS resource, in which case  hops between 0 and 1 in a pseudo-random fashion. For a long SRS sequence of a SRS resource without sequence hopping, if the gNB can set the  to be 1 in some cases, it can enhance the randomness of the resulting SRS interference. 
This approach seems to be rather straightforward to support, but it requires all the CDMed SRS to be configured with the same  to maintain their orthogonality. In addition, the effect of randomization may not be as obvious as sequence hopping, that is, the gNB may configure sequence hopping per SRS resource to achieve more randomness.

Configuration of cyclic shift per SRS port per SRS resource
In the current standards, when multiple SRS ports are configured for a SRS resource, only one cyclic shift value  (corresponding to  configured as cyclicShift) is configured for the first port, and the cyclic shifts of the other ports are computed based on an equation depending on  and the port indexes. 
For all 2-port SRS and some 4-port SRS, only one comb offset is used, and the cyclic shifts are uniformly spread within the maximum cyclic shifts of that comb offset, i.e., the ports are separated as far as possible in the cyclic shift domain. In these cases, we think it is desirable to keep the current design as otherwise, some ports will become closer to each other in the cyclic shift domain.
[bookmark: _Hlk110935525]For some 4-port SRS, two comb offsets are used, and the cyclic shifts are still determined by only one value, i.e., , for both comb offsets. This seems quite limiting. For example, in some cases, the ports are not separated as far as possible in the cyclic shift domain for either of the comb offsets. For another example, in some cases, the ports on different comb offsets use the same cyclic shift values, potentially increasing the PAPR of the SRS transmission [9]. These issues may be addressed by introducing the capability of configuration of cyclic shift per SRS port per SRS resource. More specifically, when a SRS resource uses multiple comb offsets, one cyclic shift value should be configured for each comb offset. Then for each comb offset, the ports can be separated as far as possible based on the configured cyclic shift value. In any case, the potential impact of configuration of cyclic shift per SRS port on PAPR can be further studied, and there may need to be a restriction on the minimum separation on the cyclic shifts for a SRS resource.

Proposal 13: For enhanced configuration of SRS transmission to enable more efficient SRS parameter assignment, study
The effectiveness of configuration of  (sequence number within a group) per SRS resource relative to sequence hopping per SRS resource
Configuration of cyclic shift per SRS port per SRS resource for at least SRS using more than one comb offset, its potential impact on PAPR, and the potential restriction on the minimum separation on the cyclic shifts for a SRS resource

Resource mapping for SRS transmission based on network-provided parameters or system parameters
Some enhancements on enhanced SRS transmission based on additional parameters were proposed and captured in the agreement, e.g., SRS resource mapping based on network-provided parameters (e.g., configurable indexes) or system parameters (e.g., slot index).

Resource mapping for SRS transmission based on network-provided parameters (e.g., configurable indexes)
Using network-provided parameters to randomize SRS transmission parameters has been widely used in the current standards. For example, the SRS sequence identity  is a network-provided parameter, a configurable index, given by the higher layer parameter sequenceId in the SRS-Resource IE, in which case , or the SRS-PosResource-r16 IE, in which case . It is used as the seed in many cases, e.g., for SRS sequence hopping or SRS sequence group hopping, a pseudo-random sequence  is applied and is initialized with  at the beginning of each radio frame.
The same approach can be applied to some enhancements discussed above to improve the randomization effect. For example, when a pseudo-random sequence is decided for an enhancement, a network-provided parameter (reusing the SRS sequence identity or a new parameter) may be used to pick a value (such as an initial value) from the sequence. At least the following enhancements may be relevant to this approach:
Further enhancements to frequency hopping, e.g., pseudo-random RE/PRB skipping within a hop
Comb hopping
Comb offset hopping
Cyclic shift hopping/randomization
Sequence hopping/randomization
Randomized transmission of SRS
RPFS starting RB location hopping enhancements, including SRS interference randomization via partial sounding start RB location hopping in one FH period, new sequences for partial sounding start RB location hopping

Resource mapping for SRS transmission based on system parameters (e.g., slot index)
Using system parameters to randomize SRS transmission parameters has been widely used in the current standards. For example, many SRS transmission parameters are re-initialized at the beginning of each radio frame. For another example, many SRS transmission parameters depend on the OFDM symbol number within the SRS resource, often denoted as , and as  changes, the SRS transmission parameters change accordingly.
The same approach can be applied to some enhancements discussed above to improve the randomization effect. For example, the slot index, the PRB index, the PUSCH RBG index, etc., may be further added to provide additional randomness. At least the following enhancements may be relevant to this approach:
Further enhancements to frequency hopping, e.g., pseudo-random RE/PRB skipping within a hop
Comb hopping
Comb offset hopping
Cyclic shift hopping/randomization
Sequence hopping/randomization
Randomized transmission of SRS
RPFS starting RB location hopping enhancements, including SRS interference randomization via partial sounding start RB location hopping in one FH period, new sequences for partial sounding start RB location hopping

In more details, for the enhancements described in this subsection to work for orthogonal SRSs that the orthogonality is maintained with additional resource randomization introduced by network-provided parameters or system parameters, the SRSs may need to be assigned with the same or carefully chosen network-provided parameters or system parameters and apply the same randomization enhancements. For example:
If SRS1 and SRS2 differ only in frequency-domain resources (i.e., FDMed) but may occupy the same time/code domain resources, when additional frequency-domain randomization/hopping is used for SRS1 and the resulting SRS1 frequency-domain resources may overlap with SRS2, then the gNB may need to configured the same frequency-domain randomization/hopping to SRS2 as well, and the randomization parameters may be chosen to the same (so that SRS1 and SRS2 may hop in the same way) or some related values to ensure that they always occupy orthogonal frequency-domain resources. To this purpose, sometimes they will have to be configured with the same time-domain resources, i.e., some network coordination is needed.
If SRS1 and SRS2 differ only in code-domain resources (i.e., CDMed via different cyclic shifts) but may occupy the same time/frequency domain resources, when additional code-domain randomization/hopping is used for SRS1 and the resulting SRS1 code-domain resources may overlap with SRS2, then the gNB may need to configured the same code-domain randomization/hopping to SRS2 as well, and the randomization parameters may be chosen to the same (so that SRS1 and SRS2 may hop in the same way) or some related values to ensure that they always occupy orthogonal code-domain resources. To this purpose, sometimes they will have to be configured with the same time-domain resources, i.e., some network coordination is needed.

Proposal 14: For resource mapping for SRS transmission based on network-provided parameters or system parameters, study
Network updating SRS sequence identity, for at least some potential enhancements for SRS hopping/randomization
Utilizing system parameters such as OFDM symbol / slot / radio frame indexes for at least some potential enhancements for SRS hopping/randomization 


SRS enhancements targeting 8Tx operation
SRS enhancements targeting 8 Tx has been discussed in the present agenda item. Related to 8Tx SRS, in parallel in RAN1, agenda item 9.1.3.1 covers “Increased number of orthogonal DMRS ports; Including increasing orthogonal DMRS ports for UL/DL MU-MIMO and 8 Tx UL SU-MIMO”, and agenda item 9.1.4.2 covers “SRI/TPMI enhancement for enabling 8 TX UL transmission; To support up to 4 or more layers per UE in UL targeting CPE/FWA/vehicle/industrial devices”. It is likely that some decisions regarding the 8Tx SRS may be related to the other agenda items, and hence some alignments across the agenda items to ensure consistency may be required, or the present agenda item may need to take into account some outcomes from the other agenda items. In any case, the 8 Tx SRS enhancements under consideration in the present agenda item should be sufficiently flexible / general to be potentially consistent with possible outcomes from related agenda items.
In the rest of the section, 8Tx SRS potential enhancements will be discussed for usage codebook (CB), nonCodebook (NCB), and antennaSwitching (AS), and the key aspects such as the maximum number of SRS resource sets, whether to support 8 ports in one or multiple resources, whether to support 8 ports in one or multiple OFDM symbols, etc., will be covered. In doing so, we will first review the existing designs and then analyze which parts may be readily extended to 8 Tx SRS without essential changes while which other parts may need to be updated/modified/FFS to accommodate 8 Tx SRS.

Number of ports per SRS resource for 8 Tx SRS
Regarding the number of ports of a SRS resource, some restrictions are provided in existing standards for 1/2/4 Tx SRS:

	TS 38.214
6.1.1.1	Codebook based UL transmission
… The transmission precoder is selected from the uplink codebook that has a number of antenna ports equal to higher layer parameter nrofSRS-Ports in SRS-Config, as defined in Clause 6.3.1.5 of [4, TS 38.211]….

6.1.1.2	Non-Codebook based UL transmission
… Only one SRS port for each SRS resource is configured. ... 

6.2.1.2	UE sounding procedure for DL CSI acquisition
…
-	For 1T=1R, or 2T=2R, or 4T=4R, up to two SRS resource sets each with one SRS resource, where the number of SRS ports for each resource is equal to 1, 2, or 4 if the UE is not indicating a capability for [maximum 2 semi-persistent and maximum 1 periodic SRS resource sets], or up to two SRS resource sets configured with resourceType in SRS-ResourceSet set to 'semi-persistent' and up to one SRS resource set configured with resourceType in SRS-ResourceSet set to 'periodic' if the UE is indicating a capability for [maximum 2 semi-persistent and maximum 1 periodic SRS resource sets], where the two SRS resource sets configured with 'semi-persistent' are not activated at the same time.



To summarize the existing design for the number of ports per SRS resource with up to 4 Tx SRS:

Table 1 Existing design for the number of ports per SRS resource with up to 4 Tx SRS
	CB
	NCB
	AS with nTnR

	nrofSRS-Ports, i.e., 1,2,4
	1
	nrofSRS-Ports, i.e., 1,2,4



As we can see, NCB always has one port for a SRS resource, as each (virtualized) port corresponds to a UL transmission layer. This design can be reused for 8 Tx SRS for NCB, as already reflected in the agreement. For CB and AS, n Tx SRS supports n ports in a SRS resource, where n =1,2,4. This design can still be reused for 8 Tx SRS, that is, 8-port SRS resource can be supported in Rel-18. Even though 8 Tx SRS may also be supported via 2 SRS resources and each resource has 4 ports, which may be further discussed if needed, the baseline should be to support 8-port SRS resource.
Proposal 15: For 8Tx SRS, for the number of ports in a SRS resource, at least support:
1 port per SRS resource for NCB
8 ports for a SRS resource for CB/AS 

Number of SRS resources per SRS resource set for 8 Tx SRS
Regarding the number of SRS resource per SRS resource set, some restrictions are provided in existing standards for 1/2/4 Tx SRS:

	TS 38.214
6.1.1.1	Codebook based UL transmission
… Except when higher layer parameter ul-FullPowerTransmission is set to 'fullpowerMode2', the maximum number of configured SRS resources for codebook based transmission is 2. ...
… The transmission precoder is selected from the uplink codebook that has a number of antenna ports equal to higher layer parameter nrofSRS-Ports in SRS-Config, as defined in Clause 6.3.1.5 of [4, TS 38.211]….
When higher layer parameter ul-FullPowerTransmission is set to 'fullpowerMode2', 
… 
-	subject to UE capability, a maximum of 2 or 4 SRS resources are supported in an SRS resource set with usage set to 'codebook'

6.1.1.2	Non-Codebook based UL transmission
… ... The maximum number of SRS resources per SRS resource set that can be configured for non-codebook based uplink transmission is 4. ... 

6.2.1.2	UE sounding procedure for DL CSI acquisition
…
-	For 1T=1R, or 2T=2R, or 4T=4R, up to two SRS resource sets each with one SRS resource, where the number of SRS ports for each resource is equal to 1, 2, or 4 if the UE is not indicating a capability for [maximum 2 semi-persistent and maximum 1 periodic SRS resource sets], or up to two SRS resource sets configured with resourceType in SRS-ResourceSet set to 'semi-persistent' and up to one SRS resource set configured with resourceType in SRS-ResourceSet set to 'periodic' if the UE is indicating a capability for [maximum 2 semi-persistent and maximum 1 periodic SRS resource sets], where the two SRS resource sets configured with 'semi-persistent' are not activated at the same time.




[bookmark: _Hlk110350452]To summarize the existing design for the number of SRS resource per SRS resource set with n ports, where n :

Table 2 Existing design for the number of SRS resources per SRS resource set with n ports, where n =1,2,4
	CB
	NCB
	AS with nTnR

	{1,2} or {1,2,3,4} for 'fullpowerMode2', and {1,2} otherwise
	{1,2,3,4}, i.e., up to n
	1




For CB with up to 4 ports, at most 2 SRS resources per SRS resource set can be configured except for ‘fullpowerMode2’. The same maximum can be reused for the case when 8 Tx SRS is supported for CB, i.e., if ‘fullpowerMode2’ is not configured, at most 2 SRS resources per SRS resource set should still be supported for 8 Tx SRS. However, if ‘fullpowerMode2’ is configured, the maximum number of SRS resources per SRS resource set for 8 Tx SRS may depend on the UE capability/implementation, as the SRS resources may be related to some specific design of UE Tx chains, PA architecture, and/or panels. More study may be needed, and outcomes from related agenda items may be considered.
[bookmark: _Hlk110429571]For NCB with up to 4 layers, existing design is up to 4 SRS resources per SRS resource set. The same principle can still be reused for supporting up to 8 layers, that is, in Rel-18, the maximum number of SRS resources per SRS resource set can be revised from 4 to 8 for NCB.
For AS with nTnR, existing design is 1 SRS resource per SRS resource set. This can still be reused for 8 Tx SRS.
Proposal 16: For 8Tx SRS, for the maximum number of SRS resources per SRS resource set, at least support:
2 for CB without ‘fullpowerMode2’, and FFS for CB with ‘fullpowerMode2’
8 for NCB
1 for AS 

The number of OFDM symbols for 8 Tx SRS
In existing design, for a UE supporting n Tx SRS, it can sound all the n ports (in 1 SRS resource or in n SRS resources) simultaneously, that is, the n ports can be sounded in 1 OFDM symbol. This can be extended to 8 Tx SRS so that the UE should be able to sound all the 8 ports in 1 OFDM symbol if appropriate design supports it. Some initial considerations related to this are discussed below.
According to the current standards, all the n ports (n=1,2,4) for n Tx SRS are sounded in the RBs simultaneously:
For CB/AS, the n ports are configured in the same SRS resource, and the resource mapping guarantees that all the n ports simultaneously occupy the same RBs. The ports are multiplexed via cyclic shifts, and they use 1 comb offset (for 1 Tx, 2 Tx, and some 4 Tx) or 2 comb offsets (for some 4 Tx).
For NCB, the n ports are configured in n SRS resources in a resource set, as specified in the following. They can be multiplexed via cyclic shifts and/or comb offsets.

	TS 38.214
6.1.1.2	Non-Codebook based UL transmission
… The UE shall use one or multiple SRS resources for SRS transmission, where, in a SRS resource set, the maximum number of SRS resources which can be configured to the UE for simultaneous transmission in the same symbol and the maximum number of SRS resources are UE capabilities. The SRS resources transmitted simultaneously occupy the same RBs. …



To multiplex 8 ports on the same OFDM symbol and same RBs is straightforward in most cases. For example, with comb 2, 1 comb offset with 8 different cyclic shifts or 2 comb offsets with 4 different cyclic shifts each may be used. With comb 4, 2 comb offsets with 4 different cyclic shifts or even 4 comb offsets with 2 different cyclic shifts each may be used. On the other hand, splitting the 8 ports with comb 2 or comb 4 on multiple consecutive OFDM symbols is also possible in implementation via existing mechanisms.
However, with comb 8, the maximum of 6 cyclic shifts is supported, and further details may need to be discussed:
Some ports on different comb offsets have to use the same cyclic shift. Then the PAPR may be increased (depending UE transmitter architecture). Even though the same PAPR issue exists in current standards for 4-ports with comb 8, whether Rel-18 would adopt this approach can be discussed.
The maximum number of cyclic shifts for comb 8 may be increased in Rel-18, and hence the 8 ports can use different cyclic shifts. Some pros and cons for this approach have been discussed in Sec. 3.3.6.
The 8 ports may be split on N consecutive OFDM symbols, and on each OFDM symbol, a subset of ports are sounded. However, if N = 2, then 4 ports need to be sounded on each OFDM symbol with comb 8, which still has the PAPR issue for CB/AS according to existing Rel-17 design. (NCB may not have this issue based on gNB configuration of the cyclic shift for each port/resource). If N = 4 or 8, there will not be such PAPR issue, but the latency may not be preferred.
We suggest further investigation for 8 Tx SRS with comb 8.
Proposal 17: At least support 8 Tx SRS on 1 OFDM symbol with comb 2 and comb 4.
FFS 8 Tx SRS with comb 8
FFS 8 Tx SRS on more than 1 OFDM symbol

The maximum number of SRS resource sets for 8 Tx SRS
Regarding the maximum number of SRS resource sets, some restrictions are provided in existing standards for 1/2/4 Tx SRS:

	TS 38.214
6.1.1.1	Codebook based UL transmission
… Only one or two SRS resource sets can be configured in srs-ResourceSetToAddModList with higher layer parameter usage in SRS-ResourceSet set to 'codebook', and only one or two SRS resource sets can be configured in srs-ResourceSetToAddModListDCI-0-2 with higher layer parameter usage in SRS-ResourceSet set to 'codebook'.

6.1.1.2	Non-Codebook based UL transmission
… Only one or two SRS resource sets can be configured in srs-ResourceSetToAddModList with higher layer parameter usage in SRS-ResourceSet set to 'nonCodebook', and only one or two SRS resource sets can be configured in srs-ResourceSetToAddModListDCI-0-2 with higher layer parameter usage in SRS-ResourceSet set to 'nonCodebook'. ... 
6.2.1.2	UE sounding procedure for DL CSI acquisition
…
-	For 1T=1R, or 2T=2R, or 4T=4R, up to two SRS resource sets each with one SRS resource, where the number of SRS ports for each resource is equal to 1, 2, or 4 if the UE is not indicating a capability for [maximum 2 semi-persistent and maximum 1 periodic SRS resource sets], or up to two SRS resource sets configured with resourceType in SRS-ResourceSet set to 'semi-persistent' and up to one SRS resource set configured with resourceType in SRS-ResourceSet set to 'periodic' if the UE is indicating a capability for [maximum 2 semi-persistent and maximum 1 periodic SRS resource sets], where the two SRS resource sets configured with 'semi-persistent' are not activated at the same time




To summarize the existing design for the number of SRS with n ports, where n :
Table 3 Existing design for the number of SRS resource sets with n ports, where n =1,2,4
	
	CB
	NCB
	AS with nTnR

	Not for DCI 0_2
	Up to 2 for all P/SP/AP
	Up to 2 for all P/SP/AP
	Up to 2 for all P/SP/AP (except for some UEs, up to 1 P and 2 SP)

	For DCI 0_2
	Up to 2 for all P/SP/AP
	Up to 2 for all P/SP/AP
	



As we can see, generally up to 2 SRS resource sets per UE per usage of CB, NCB, and AS with nTnR, respectively. This is usually related to up to 2 TRPs that the UE may send SRS to. So in a sense, each SRS resource set may correspond to a TRP. As a side note, for AS with nTmR where n and m are different, 3 or 4 AP SRS resource sets may be configured, and in such a case, different AP SRS resource sets do not correspond to different TRPs.
The same design can be extended to the case when 8 Tx SRS is supported for CB/NCB/AS. Though in principle it could be possible to increase the number of SRS resource sets for 8 Tx SRS, e.g., combining 2 SRS resource sets for an 8 Tx SRS (while keeping M-TRP support), it may require additional design to indicate the relation between different SRS resource sets. Therefore, we suggest no change in the maximum number of SRS resource sets for 8 Tx SRS.
Proposal 18: Reuse (i.e., no change to) the existing design of the maximum number of SRS resource sets for 8 Tx SRS.

Summary of key SRS parameters with n ports, n = 1,2,4,8
We summarize the above discussions on some key SRS parameters, including the number of ports per SRS resource, number of SRS resources per SRS resource set, number of OFDM symbols to sound all the n ports, and maximum number of SRS resource sets, for SRS with n ports, n = 1, 2, 4, 8, in the following table. As we can see, most of these parameters for 8 Tx SRS can be set based on the principle of existing mechanisms (except for a couple of cases marked red in the table, which can be FFS).
 
Table 4 Key SRS parameters with n ports, where n =1,2,4,8. Red texts require FFS; all others are based on existing design principle. (FPM2=fullpowerMode2)
	 
	CB
	NCB
	AS with nTnR

	#ports/resource
	n (=1,2,4,8)
	1
	n (=1,2,4,8)

	Max #resources / set 
	2 for non-FPM2; 
2 or 4 for FPM2 for n≤4; 
FFS FPM2 for n=8
	n (=1,2,4,8)
	1

	# OFDM symbols
	1 (except FFS 8 Tx with comb 8)

	Max # SRS resource sets
	Not for DCI 0_2
	2 for all P/SP/AP
	2 for all P/SP/AP
	2 for all P/SP/AP (except for some UEs, up to 1 P and 2 SP)

	
	For DCI 0_2
	2 for all P/SP/AP
	2 for all P/SP/AP
	




[bookmark: _Hlk99709641]Conclusions
In this contribution, we present our general views on the study and support for SRS enhancements targeting TDD CJT and 8Tx operation. We have the following observations and proposals.
Proposal 1: For Rel-18 reference signal enhancements, proceed to support and specify the following features (the previously agreed WID scopes apply):
SRS enhancement to manage inter-TRP cross-SRS interference targeting TDD CJT via SRS capacity enhancement and/or interference randomization
SRS enhancements to enable 8 Tx UL operation

SRS enhancements targeting TDD CJT
Observation 1: Depending on the design/implementation, some SRS interference randomization enhancements may lead to collision / loss of orthogonality to otherwise orthogonal SRSs multiplexed via FDM/CDM.
Observation 2: For TDD CJT SRS enhancements, 
TRP-common SRS can reduce SRS overhead, but channel estimation for a weak link may be degraded, especially if SRSs are non-orthogonal. Potential remedies include increasing SRS capacity and SRS interference randomization.
TRP-specific SRS leads to higher SRS overhead and interference. Potential remedies include increasing SRS capacity.
 Observation 3: For TDD CJT SRS enhancements, 
At least 6 dB to 10 dB pathloss difference needs to be handled in practical scenarios.
Non-orthogonal SRSs lead to significant performance degradation, especially for the weaker SRS.
Orthogonal SRSs generally have good performance; the weaker signal is a bit worse (about x dB degradation if it is x dB weaker).
Proposal 2: Enhancements for SRS interference randomization should not prevent gNB from configuring orthogonal SRSs.
Proposal 3: For TDD CJT SRS enhancements, study at least the following issues for the potential enhancements:
Leading to non-uniform SRS sample pattern in time/frequency domain, and its impact on the SRS-based channel estimation 
Potential increase of PAPR 
Requiring additional coordination among multiplexed SRSs to ensure orthogonality
Impact on the minimum SRS sequence length
Impact on signaling overhead

Proposal 4: For randomized frequency-domain resource mapping for SRS transmission, study
Appending Table 6.4.1.4.3-1: SRS bandwidth configuration in TS 38.211 with more rows/columns 
Pseudo-random RE/PRB skipping within a hop, its potential impact due to non-uniform time/frequency-domain SRS samples, and its potential impact on the minimum SRS sequence length
Comb hopping with comb values according to a pseudo-random sequence, its potential impact on multiplexing multiple SRSs, and its potential impact due to non-uniform time/frequency-domain SRS samples
Comb offset hopping with comb offset values according to a pseudo-random sequence, and its potential impact on multiplexing multiple SRSs
Proposal 5: For randomized code-domain resource mapping for SRS transmission, study
Cyclic shift hopping/randomization with additional cyclic shift offset values according to a pseudo-random sequence, and its potential impact on multiplexing multiple SRSs
Combining SRS sequence hopping and sequence group hopping
Extracting the SRS sequence from a long SRS sequence in frequency hopping and/or RPFS, and its impact on PAPR
Proposal 6: For randomized transmission of SRS, study skipping some SRS transmission occasions or a fraction of the PRBs of some SRS transmission occasions according to a pseudo-random sequence, and its potential impact due to non-uniform time-domain SRS samples.
Proposal 7: For Per-TRP power control and/or power control of one SRS towards to multiple TRPs, study whether a new approach with standard impact is beneficial.
Proposal 8: For SRS TD OCC, study 
How to multiplex SRSs with both TD OCC and cyclic shifts
Impact of multiplexed SRSs with different receive power levels
Proposal 9: Study increasing the maximum number of cyclic shifts to 12 or 16, including the feasibility and potential applicable scenarios, multiplexing with legacy SRSs, and impact on minimum SRS sequence length.
Proposal 10: For precoded SRS for DL CSI acquisition, study whether the standardized mechanism for NCB SRS can be largely reused.
Proposal 11: For enhanced signaling for flexible SRS transmission, study
AP SRS with SRS parameters indicated in DCI and its impact on DCI overhead
SRS parameters based on data transmission parameters and its impact on channel estimation
P/SP SRS with DCI/MAC changing some parameters and its impact on DCI overhead
Proposal 12: For partial frequency sounding extensions, study
Larger partial frequency sounding factor, its potential impact due to non-uniform time/frequency domain SRS samples, and its impact on minimum sequence length 
Partial sounding start RB location hopping in one FH period according to a pseudo-random sequence, its potential impact due to non-uniform time/frequency domain SRS samples, and its potential impact on multiplexing multiple SRSs
New sequences for partial sounding start RB location hopping, its potential impact due to non-uniform time/frequency domain SRS samples, and its potential impact on multiplexing multiple SRSs
Proposal 13: For enhanced configuration of SRS transmission to enable more efficient SRS parameter assignment, study
The effectiveness of configuration of  (sequence number within a group) per SRS resource relative to sequence hopping per SRS resource
Configuration of cyclic shift per SRS port per SRS resource for at least SRS using more than one comb offset, its potential impact on PAPR, and the potential restriction on the minimum separation on the cyclic shifts for a SRS resource
Proposal 14: For resource mapping for SRS transmission based on network-provided parameters or system parameters, study
Network updating SRS sequence identity, for at least some potential enhancements for SRS hopping/randomization
Utilizing system parameters such as OFDM symbol / slot / radio frame indexes for at least some potential enhancements for SRS hopping/randomization 

SRS enhancements targeting 8Tx operation
Proposal 15: For 8Tx SRS, for the number of ports in a SRS resource, at least support:
1 port per SRS resource for NCB
8 ports for a SRS resource for CB/AS 
Proposal 16: For 8Tx SRS, for the maximum number of SRS resources per SRS resource set, at least support:
2 for CB without ‘fullpowerMode2’, and FFS for CB with ‘fullpowerMode2’
8 for NCB
1 for AS 
Proposal 17: At least support 8 Tx SRS on 1 OFDM symbol with comb 2 and comb 4.
FFS 8 Tx SRS with comb 8
FFS 8 Tx SRS on more than 1 OFDM symbol
Proposal 18: Reuse (i.e., no change to) the existing design of the maximum number of SRS resource sets for 8 Tx SRS.
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Appendix 
Appendix 1: Agreements from RAN1#109-e 
Agreement
For SRS EVM, adopt combined relevant parts from Rel-17 SRS EVM and Rel-18 FDD CJT EVM as starting point
· Details are provided in Appendix 3 of R1-2205330 for system-level simulations
· Details are provided in Appendix 4 of R1-2205330 for link-level simulations.
 Agreement
For 8 Tx SRS, a starting point of UE antenna configurations can be:
· (M, N, P; Mg,Ng; Mp, Np) = (2,2,2; 1,1; 2,2), (dH, dV) = (0.5, 0.5)λ, or
· (M, N, P; Mg,Ng; Mp, Np) = (1,4,2; 1,1; 1,4), (dH, dV) = (0.5, 0.5)λ.
· FFS other 8 Tx UE antenna configuration and alignment with outcomes from other agenda items.
Agreement 
For SRS EVM, consider additional EVM as follows
· Realistic channel estimation based on sequence generation for SRS modelling, at least for TDD CJT SRS LLS and 8 Tx SRS LLS as baseline
· Evaluation metrics for 8 Tx SRS LLS can be MSE , BLER or throughput
· TDL-C for TDD CJT SRS LLS can be included as optional.
Agreement 
Consider the scenario where there exists SRSs sent by a UE and utilized by multiple TRPs for channel estimation, and the pathlosses between the UE and the TRPs differ by at least x dB in Rel-18 SRS study
· x can be {3,6,10}, and other values can be used.
Agreement 
Study the following for SRS enhancement to manage inter-TRP cross-SRS interference targeting TDD CJT via SRS interference randomization and/or capacity enhancement
· [bookmark: _Hlk110606485]Randomized frequency-domain resource mapping for SRS transmission
· E.g., further enhancements to frequency hopping, comb hopping
· Randomized code-domain resource mapping for SRS transmission
· E.g., cyclic shift hopping/randomization, sequence hopping/randomization, per-hop sequence from a long SRS sequence
· Randomized transmission of SRS
· E.g., pseudo-random muting of SRS transmission for periodic and semi-persistent SRS
· Per-TRP power control and/or power control of one SRS towards to multiple TRPs
· SRS TD OCC
· Increasing the maximum number of cyclic shifts 
· E.g., multiplying mask sequence to the legacy SRS sequence to effectively increase the maximum cyclic shifts
· Precoded SRS for DL CSI acquisition
· Enhanced signaling for flexible SRS transmission
· E.g., dynamic update of SRS parameters
· Partial frequency sounding extensions
· E.g., larger partial frequency sounding factor, starting RB location hopping enhancements, partial frequency hopping on other bandwidths corresponding to ,    besides the last bandwidth  
· Enhanced configuration of SRS transmission to enable more efficient SRS parameter assignment
· E.g., configuration of  (sequence index within a group) per SRS resource
· E.g., configuration of cyclic shift per SRS port per SRS resource.
· Resource mapping for SRS transmission based on network-provided parameters or system parameters
· E.g., SRS resource mapping based on network-provided parameters (e.g., configurable indexes) or system parameters (e.g., slot index)
Note: PAPR performance and maintaining DFT waveform property should be considered when deciding the enhancement for Rel-18.
Agreement 
Study the potential enhancements for SRS of 8T8R with usage antennaSwitching.
Agreement 
Study the potential enhancements for SRS for 8 Tx operation
· SRS resource(s) with 8 ports are configured for codebook-based PUSCH
· Up to 8 single-port SRS resources are configured for non-codebook-based PUSCH
Agreement 
For SRS enhancements to enable 8 Tx UL operation to support 4 and more layers per UE in UL targeting CPE/FWA/vehicle/Industrial devices, study aspects include, for SRS for CB/NCB/AS, 
· Design parameters, including the maximum number of SRS resource sets, number of SRS resource sets, number of SRS resources, number of ports per resource, number of OFDM symbols, the allowed configurations for comb / comb shifts / cyclic shifts, number of simultaneous ports / resources / resource sets per OFDM symbol
· For the next decision point, study
· Whether to support 8 ports in one or multiple resources 
· Whether to support 8 ports in one or multiple OFDM symbols
· The maximum number of SRS resource sets.
· Note: For SRS for NCB, number of ports per SRS resource is still 1 (same as R15)

Appendix 2: Numerical study of pathloss difference for TRP-common SRS
210 UEs are dropped in a 21-sector network according to Dense Urban of 200 m ISD. For each UE, the sector with the highest RSRP is selected as the serving cell / serving TRP, and 3 other sectors with the 2nd, 3rd, and 4th highest RSRP are other CJT candidate TRPs. Since all sectors’ transmission powers are identical, pathloss difference at each UE is equal to the RSRP difference. Then the pathloss difference between the candidate CJT TRPs and the serving cell is calculated for each UE, and finally 3 CDF curves are obtained in below figure.

[image: ]
Figure 3 CDF of pathloss difference between the 2nd strongest cell and the serving cell (blue), CDF of pathloss difference between the 3rd strongest cell and the serving cell (red), CDF of pathloss difference between the 4th strongest cell and the serving cell (black). The vertical cyan lines are at 3 dB, 6 dB, and 10 dB

From the figure we can see that, if only 3 dB pathloss difference is allowed, then about 28% of UEs can be served by 2 TRPs, 5% of UEs can be served by 3 TRPs, and only 1% of UEs can be served by 4 TRPs. The following table summarizes the percentages of UEs served by 2, 3, and 4 TRPs with at most 3, 6, and 10 dB pathloss differences.
Table 5 centages of UEs served by 2, 3, and 4 TRPs with at most 3, 6, and 10 dB pathloss differences
	
	3 dB
	6 dB
	10 dB

	2 TRPs
	28%
	50%
	73%

	3 TRPs
	5%
	19%
	43%

	4 TRPs
	1%
	5%
	20%



Then we study the channel estimation performance with received power imbalance and orthogonal/non-orthogonal SRSs. In below figure, SRS 1 with 2 ports is sent on link 1, and SRS 2 with 2 ports is sent on link 2. They are orthogonalized via CDM (as labeled by ‘cdm’) or non-orthogonal, and one link may be weak (due to higher pathloss, as labeled by ‘+6dB’) or stronger (due to lower pathloss, as labeled by ‘-6dB’).

[image: ]
Figure 4 Channel estimation performance with received power imbalance and orthogonal/non-orthogonal SRSs

We can observe the following for cross-SRS interference with potential power imbalance:
Non-orthogonal SRSs
Significant performance degradation due to interference, especially for the weaker signal of the two SRS, which may be completely unusable. 
Orthogonal SRSs
If the SRSs are orthogonal, such as by CDM, the performance of both SRSs are generally good, the weaker signal is a bit worse (about x dB degradation if it is x dB weaker), and the stronger signal is a bit better (about x dB better if it is x dB stronger).
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