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1	Introduction
During RAN#94-e, a new WID for Rel-18 MIMO evolution for DL and UL was agreed [1]. Two objectives of the work item that concern SRS enhancements are:


With these objectives in mind, the below agreement on SRS enhancements was reached during the RAN1#110 meeting:4. Study, and if justified, specify enhancements of CSI acquisition for CJT 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.

Agreement (RAN1#110) 
For Rel-18 reference signal enhancements, support and specify the following features (the agreed WID scopes apply):
· SRS enhancement to manage inter-TRP cross-SRS interference targeting TDD CJT via SRS capacity enhancement and/or interference randomization.
· RAN1 should strive to minimize the number of schemes supported in Rel-18
· SRS enhancements to enable 8 Tx UL operation and 8T8R SRS for DL operation.
· Target usage includes antenna switching, codebook/non-codebook-based SRS

[bookmark: _Ref178064866]2 	Discussion
In this contribution, we discuss SRS enhancements for TDD-CJT and 8 Tx operation. Specifically, SRS enhancements targeting 8 TX UL transmissions are discussed in Section 2.1 and SRS enhancements targeting TDD CJT are discussed in Section 2.2. 
2.1	SRS for 8 TX
In the RAN1#110bis-e meeting, it was agreed to support an 8-port SRS resource in an SRS resource set with usage ‘antennaSwitching’, where the 8 ports are mapped to  SRS symbols:
Agreement (RAN1#110bis-e)
For an 8-port SRS resource in an SRS resource set ‘antennaSwitching’ (i.e., for 8T8R antenna switching), when the SRS resource is configured with  OFDM symbols (), at least support the 8 ports mapped onto each of the  OFDM symbols using legacy schemes (repetition, frequency hopping, partial sounding, or a combination thereof). 
·  takes the legacy values, i.e., 1, 2, 4, 8, 10, 12, 14.

A similar agreement was reached for an 8-port SRS resource in an SRS resource set with usage ‘codebook’. Note that these agreements concern SRS resource mapping, which, in existing specification, is independent of the usage (e.g., ‘antennaSwitching’ or ‘codebook’), which is configured per SRS resource set. In our view, SRS resource configuration should maintain a unified design for different usages and, hence, we propose:  
[bookmark: _Toc118728902]8-port SRS resource design does not depend on usage, i.e., support same mapping of SRS ports to time/frequency resources for ‘antennaSwitching’ and ‘codebook’.
2.1.1	Cyclic shift and comb offset allocation
As stated in the above agreement, it is (at least) supported to map all 8 ports onto each of the SRS symbols spanned by an 8-port SRS resource. A remaining issue, which we shall discuss next, is how to map the 8 ports onto comb offsets and cyclic shifts (CSs), which is a prioritized discussion point according to the FL’s summary [2]. 
Note that if such a mapping can be found for , it applies also for , as comb offset and CS are the only parts of the SRS resource configuration that is port specific. Indeed, with repetition, the same mapping would be used over all SRS symbols. For frequency hopping and partial sounding, the frequency-domain starting position is the same for all ports.
For multi-port SRS resources, the SRS ports are assigned to CSs on one or more comb offsets. According to existing specification, SRS ports on a same comb offset are mapped to CSs in such a way that they are maximally and equidistantly separated. Furthermore, the maximum number of CSs  is a function of the configured transmission comb , as shown in Table 1.
[bookmark: _Ref102066260]Table 1	Maximum number of CSs per comb offset, , as a function of the transmission comb,  (reproduced from Table 6.4.1.4.2-1 in 3GPP TS 38.211).
	
	

	2
	8

	4
	12

	8
	6



For an 8-port SRS resource, based on the above table, we note that:
· For , it is possible to support all 8 ports on a single comb offset, as there are exactly  available CSs. However, doing so would make the UE sensitive to delay spread.
· For , there are sufficient CSs to fit all 8 ports on a single comb offset, but  is not integer divisible by 8, which is desired for equidistant and maximal separation of ports. 
· For , the 8 SRS cannot be mapped to a single comb offset as there are only  possible CSs.
Hence, for transmission comb 4, it is not desired to map all 8 SRS ports to a single comb offset and for transmission comb 8 it is not possible (unless the maximum number of CSs per comb offset is increased).
[bookmark: _Toc118728895]An 8-port SRS resource that is configured with, at least, transmission comb 4 or 8 must occupy a plurality of comb offsets.
For , to maintain equidistant and maximal separation between CSs on a same comb offset, as in Rel-17, we propose:
[bookmark: _Toc118728903]An 8-port SRS resource configured with transmission comb 4 occupies, at least, 2 comb offsets.
For , splitting the 8 SRS ports over two comb offsets, such that 4 SRS ports are mapped to a same comb offset, may not be sufficient. Indeed,  is not an integer multiple of the number of SRS ports per comb offset. There are different ways to solve this issue: occupy 4 comb offsets, use nonequidistant CS separation, or allocate a different number of ports per comb offset (a 6 + 2 split to be more precise). The last two of these options will decrease the separation between SRS ports and, hence, make the sounding more sensitive to delay spread. We therefore propose the following:
[bookmark: _Toc118728904]An 8-port SRS resource configured with transmission comb 8 occupies, at least, 4 comb offsets.
An open question is how to extend the port-to-CS mapping formula in 3GPP TS 38.211 to support 8 SRS ports. Specifically, according to Rel-15/16 specification, the CS  (in radians) for SRS port  is given by [3]:

Furthermore,  in the above formula is given by the following:

Here,  is the RRC-configured CS and  is the number of SRS ports.
It is preferred that  is an integer. If this condition is not fulfilled, it is not possible to separate the   SRS ports by means of simple delay-domain windowing (see, e.g., Figure 7 in [4]), which is desired. It can be easily verified that for , the above formula generates integers, but for , it does not. Hence, it is necessary to update the mapping between SRS ports and CS for 8-port SRS resources.
[bookmark: _Toc118728896]A new port-to-CS mapping formula is needed for supporting 8-port SRS resource configured with transmission comb 4 or 8 on a same OFDM symbol.
Focusing on transmission comb 8, in Rel-17, it was agreed that the maximum number of CS for is  (see Table 1), which required a new port-to-CS mapping formula for 4-port SRS resources (since 4 ports cannot be equidistantly separated over  CSs) [5]:

The updated formula ensures that  is integer values also for the case  (note that  is equivalent to ). This formula can be straightforwardly extended to , e.g., as follows (changes compared to legacy formula are highlighted in red):

Note that the above formula reduces to Rel-17 formula for the case  and . 
In Table 2, we show the assigned CSs and comb offsets a 4-port SRS resource RRC-configured with transmission comb 8, comb offset 0, and CS 0. In Table 3, we show the corresponding assignment for an 8-port SRS resource according to the formula above. Here, we have assumed that the port-specific comb offset is given by (changes compared to legacy formula are highlighted in red):

With  being the RRC-configured comb offset.
[bookmark: _Ref118576237]Table 2	Per-port cyclic shift and comb offset with 4 SRS ports, transmission comb 8, and with legacy mapping.
	Port
	Cyclic shift
	Comb offset

	1000
	0
	0

	1001
	0
	4

	1002
	3
	0

	1003
	3
	4


[bookmark: _Ref118576242]Table 3	Per-port cyclic shift and comb offset with 8 SRS ports, transmission comb 8, and with extension of legacy mapping.
	SRS port
	Cyclic shift
	Comb offset

	1000
	0
	0

	1001
	0
	4

	1002
	0
	2

	1003
	0
	6

	1004
	3
	0

	1005
	3
	4

	1006
	3
	2

	1007
	3
	6



In, e.g., [6], it is mentioned that PAPR of the transmitted signal may be impacted by SRS virtualization. For example, PAPR can be significantly increased (as we shall later demonstrate) by combining, on a same antenna port, two SRS ports that occupy different comb offsets and use the same CS. 
Although not explicitly stated, it is commonly assumed that the first and second half of SRS ports is associated with orthogonal polarizations. For example, Rel-15 DL Type-I codebooks as well 4 Tx UL codebooks are designed according to this principle (it is likely that a similar assumption will be adopted for 8 Tx UL codebook design, but that discussion is contained within AI 9.1.4.2). Under this assumption, with the allocation as in Table 2 and Table 3, all SRS ports belonging to a same polarization will share the same CS. Hence, if SRS virtualization (e.g., for usage ‘codebook’) is performed over these ports, PAPR can be high.
In [7] it is highlighted that PAPR is a particular concern for 8-port SRS resources with transmission comb 8 as the number of SRS ports is larger than the number of available CSs and, hence, CSs must be reused over multiple comb offsets.
A reasonable strategy, which reduces PAPR, is to adopt a new/updated port-to-CS mapping that minimizes the reuse of CSs on different comb offsets, e.g., as per the following:

The resulting CSs are exemplified in Table 4 for an 8-port SRS resource RRC-configured with transmission comb 8, comb offset 0, and CS 0. Note that the formula above ensures that CS reuse does not occur within the first or second half of SRS ports.
[bookmark: _Ref118580832]Table 4	Per-port cyclic shift and comb offset with 8 SRS ports, transmission comb 8, and with new mapping.
	SRS port
	Cyclic shift
	Comb offset

	1000
	0
	0

	1001
	1
	4

	1002
	2
	2

	1003
	3
	6

	1004
	3
	0

	1005
	4
	4

	1006
	5
	2

	1007
	0
	6



In Figure 1, we show the PAPR for the case when the first and second half of SRS ports, have been combined with equal weight on a same antenna port. The figures show the PAPR for all possible sequence groups , and with both the extension of legacy and new port-to-CS mapping. We note that new port-to-CS mapping results in significantly lower PAPR.
[image: ][image: ]
[bookmark: _Ref118581316]Figure 1	PAPR with extension of legacy and new port-to-CS mapping formula, when first (left plot) and second (right plot) half of SRS ports have been virtualized (by combining using equal weights) onto a same antenna port.
Based on the above discussion, we propose the following:
[bookmark: _Ref118640045][bookmark: _Toc118728905]For an 8-port SRS resource, SRS ports are mapped to CSs in a way such that reuse of CSs over comb offsets is minimized. 
Proposal 4 applies to all possible transmission-comb configurations.
Note that the PAPR issue exist also for legacy 4-port SRS resources (as mentioned in [7]). A port-to-CS mapping according to Proposal 4 could improve the PAPR for 4-port SRS resources as well. Indeed, the new port-to-CS formula results in the CSs shown in Table 5 for a 4-port SRS resource.
[bookmark: _Ref118640237]Table 5	Per-port cyclic shift and comb offset with 4 SRS ports, transmission comb 8, and with new mapping.
	Port
	Cyclic shift
	Comb offset

	1000
	0
	0

	1001
	1
	4

	1002
	3
	0

	1003
	4
	4



We note from Table 5 that a CS is not used on more than one comb offset, which is in contrast to legacy mapping (cf. Table 2).
2.1.2	Other allocation strategies
During the RAN1 #110 meeting, the following agreement on 8 TX SRS for antenna switching was reached: 
Agreement (RAN1#110)
For an 8-port SRS resource in an SRS resource set with usage ‘antennaSwitching’ (i.e., for 8T8R antenna switching), the 8-port SRS resource is transmitted in at least one OFDM symbol.
· FFS: the resource transmitted in multiple OFDM symbols where different ports are mapped to different symbols.

An unresolved issue during RAN1#110bis-e discussions [2] is whether, for an 8-port SRS resource spanning more than one OFDM symbol, different SRS ports should be mapped to different OFDM symbols (i.e., the FFS in the above agreement). Since such a solution offers no coverage and/or capacity gains compared to, e.g., frequency hopping, we do not see the advantage with such a solution.
[bookmark: _Toc118728906]Different SRS ports within an SRS resource cannot be mapped to different symbols.


2.2	SRS for TDD CJT
In RAN #109-e, the following agreement on potential enhancements for SRS for TDD CJT was made:
Agreement (RAN1#109-e) 
Study the following for SRS enhancement to manage inter-TRP cross-SRS interference targeting TDD CJT via SRS interference randomization and/or capacity enhancement
· 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 signalling 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.

As discussed during the RAN1#110 meeting, the list of candidate solutions is excessively large and needs to be down-selected. During the RAN1#110bis-e meeting, significant progress was made, as it was concluded that some candidates should not be further discussed (these have been removed from the above list), that some candidates should be prioritized for further study (highlighted in blue), and that some candidates of which, at least, a subset should be supported (highlighted in red). 
Still, despite this progress, the list of candidate solutions is still too large for Rel-18 discussions to be streamlined and, hence, we propose:
[bookmark: _Toc118728907]Further down-selection of candidate TDD CJT enhancements is needed and should be a prioritized discussion point in RAN1#111.
To facilitate further down-selection of candidates, we discuss in Section 2.2.1 the main issues with transmitting SRS from a single UE to multiple TRPs.
2.2.1 	Challenges with SRS for TDD CJT
[bookmark: _Ref115465716]2.2.1.1	Delay differences (colliding SRS ports)
Since each UE is time aligned only with a single TRP, the SRS ports belonging to an SRS resource will be received at different time instances at the other TRPs, which may cause SRS ports belonging to different SRS resources to interfere with each other. This makes it problematic, as we shall demonstrate next, to obtain high quality CSI at multiple TRPs, which is needed for TDD CJT.
To illustrate this issue, we show link-level simulations (LLS) results for a simple TDD CJT scenario in which two 4-port UEs each transmit a 4-port SRS resource to two TRPs, as illustrated in Figure 2. Here, both UE1 and UE2 are time aligned and power controlled by TRP1. The distances between the UEs and the TRPs are  meters,  meters,  meters,  meters. Furthermore, CSs  are assigned to the SRS resource transmitted from UE1 and CSs  are assigned to the SRS resource transmitted from UE2. The remaining simulation parameters are collected in Table 6.
[image: ]
[bookmark: _Ref115454206]Figure 2	Propagation delays between different UEs and TRPs.
[bookmark: _Ref115455531]Table 6	LLS parameters for demonstrating the TDD CJT delay-shift issue.
	Summary of LLS parameters

	Number of TRPs
	2

	Number of UEs
	2

	Carrier frequency 
	3.5 GHz

	Subcarrier spacing
	30 kHz

	System bandwidth
	40 MHz

	Channel model
	TDL-C with free-space path loss (synchronization and power control to TRP1)

	Delay spread (RMS)
	300 ns

	UE velocity
	0 km/h

	Antennas at UE
	4T4R

	Antennas at gNB
	32 ports: (8,8,2,1,1,2,8), [, ] = [0.5, 0.8] λ 

	SRS configuration
(used for both legacy and TD-OCC enhancement) 
	SRS bandwidth: 48 RBs
SRS comb: 4
Number of SRS symbols: 1
Repetition factor: 1
No frequency hopping and/or partial sounding

	SRS receiver
	MF + IDFT



In Figure 3, we show the received signal, in the delay domain (after computing a frequency-domain MF estimate followed by an IDFT, to be precise) at the two TRPs for the case when a same SRS sequence (TRP-common SRS) is used by both UEs. Since both UEs are time aligned to TRP1, the SRS ports are received at TRP1 at the expected CSs and can be easily separated by, e.g., delay-domain windowing. At TRP2, however, the situation is different as the SRS ports have been shifted, in the delay domain, due to differences in propagation delay. As shown in this example, the delay shifts can be such that SRS ports from UE1 and UE2 are overlapping, which makes it difficult to separate them and, hence, results in significant intra-sequence interference.
[image: ]
[bookmark: _Ref115456102]Figure 3 	Received TRP-common SRS at two TRPs.
If delay differences are known and shared between all TRPs (an assumption that is not realistic), conflicts can, theoretically, be avoided by RRC configuring SRS resources with only the set of CSs that are not colliding. However, the set of usable CSs per comb offset may be smaller than the maximum number of CSs per comb offset (depending on the size of the cell and on the delay spread in the channel), which decreases SRS capacity. Thus, we make the following observation:
[bookmark: _Toc118728897]For TDD CJT, delay differences between TRPs reduces the number of usable CS per comb offset and, hence, decreases SRS capacity.
One way to mitigate the issue of colliding CSs is to configure different SRS sequences (TRP-specific) for different UEs. In Figure 4, we show the received signal for the same scenario as above but for the case when sequence group  is used in the SRS resource transmitted from UE  and in the MF at TRP . With this solution, interfering SRS is approximately white in the delay domain (due to uncorrelated sequences) and, hence, some amount of the inter-sequence interference can be removed by delay-domain windowing. However, remaining interference can still be significant (see, e.g., the bottom part of Figure 4).
An issue with this approach is that each TRP would need to receive (at least) two different sequences, which would increase complexity. It should also be mentioned that the effect of inter-sequence interference with TRP-specific SRS could be mitigated, to some degree, by using some form of successive interference cancellation (SIC) at the TRPs. Doing so, however, would further increase receiver complexity. Besides, if SRS ports that use the same sequence belong to different UEs, delay differences may still cause collisions for those ports.
[image: ]
[bookmark: _Ref115459713]Figure 4 	Received TRP-specific SRS at two TRPs.
[bookmark: _Ref115465151]2.2.1.2	Path-loss differences (near-far problem)
In case of reciprocity-based CJT from multiple TRPs, precoders at each TRP would be estimated based on SRS. When large pathloss differences exist between the UE and the multiple TRPs, which TRP, or the associated pathloss reference signal (PL-RS), that should be used for SRS power control is an issue if the same SRS resource set(s) are configured for this purpose.
An example is shown in Figure 5, where UE1 and UE3 are connected to TRP1 and TRP2, respectively, while UE2 is connected to both TRPs for CJT. UE1’s SRS is power controlled towards TRP1 while UE3’s SRS is power controlled towards TRP2. There is some SRS leakage from UE1 to TRP2 and from UE3 to TRP1, but they are typically small as UE1 is far away from the TRP2 and UE3 is far away from TRP1. For UE2, it is closer to TRP2 than to TRP1. 
If UE2’s SRS is power controlled towards TRP1 (see top part of Figure 5), its SRS power level at TRP2 would be much higher than UE3’s SRS power level at TRP2, which could introduce interference to the SRS from UE3 if both are configured on the same time/frequency resources
If UE2’s SRS is power controlled towards TRP2 (see bottom part of Figure 5), its SRS power level at TRP1 would be much lower than UE1, then UE2’s SRS would be interfered by the SRS from UE1 if both are configured on the same time/frequency resources. 
Thus, when a same SRS resource is used for UL sounding at both TRPs for UE2, there is a near-far interference issue. This issue can be observed also in Figure 3 (for TRP-common SRS) and Figure 4 (for TRP-specific SRS). Indeed, note that, in these figures, power received from UE2 at TRP2 is significantly lower than the received power from UE1, which makes UE2 sensitive towards interference from UE1.
[bookmark: _Toc118728898]There is a near-far problem if a same SRS resource is used by a UE for UL sounding at multiple TRPs simultaneously. 
[image: ]
[bookmark: _Ref111214340]Figure 5	An example of the near-far issue with UL sounding for TDD CJT by a UE with a same SRS resource.
2.2.1.3 	Summary and way forward
The candidate enhancement schemes can be divided into three categories: SRS capacity enhancements, SRS interference randomization and/or mitigation techniques, and flexible SRS signaling. 
It was agreed during the RAN1#110 meetings that RAN1 should strive to minimize the number of SRS enhancements for NR Rel-18. In our view, any supported SRS enhancement targeting TDD CJT should provide solutions to at least one of the two aforementioned TDD CJT challenges.
[bookmark: _Ref118669972][bookmark: _Toc118728908]SRS for TDD CJT enhancements should target practical challenges including colliding SRS ports due to delay-shift differences and/or near-far problem.   
With Proposal 7 in mind, in what follows, we discuss separately each category of enhancements.
2.2.2	SRS capacity enhancements
As can be seen in the above agreement from RAN1#109-e, there are several candidates for increasing SRS capacity. Enhancements that are less suitable for the TDD CJT use case include:
· Increasing the maximum number of CSs. Increasing the number of CSs per comb is a straightforward way to increase SRS capacity. Unfortunately, this solution in fact makes the sounding more sensitive towards delay differences and delay spread as the separation between CSs becomes smaller and, thus, is not preferred for TDD CJT.
· Partial frequency sounding extensions. Such extensions do not provide solutions to either the delay-difference issue or the near-far interference issue and, as discussed in a previous contribution [8], offer limited novelty compared to legacy NR. Furthermore, using shorter SRS sequences increases the correlation between SRS sequences, which increases inter-sequence interference.
During the RAN1#110bis-e meeting, it was agreed not to consider these TDD CJT enhancements for Rel-18:
Conclusion (RAN1#110bis-e)
· No further discussion of increasing the maximum number of cyclic shifts for CJT SRS.
· No further discussion of partial frequency sounding extensions for CJT SRS.

SRS capacity enhancements still under consideration include SRS TD-OCC and precoded SRS, which will be discussed in the following subsections. 
Another technique that has been touted as an SRS capacity enhancement is to support RRC configuration of  (sequence index with a group), which would double the number of base sequences that can be assigned to an SRS resource. However, base sequences are (almost) mutually uncorrelated, not orthogonal, and, hence, as shown in Figure 5, will interfere with each other. Hence, this enhancement is not a capacity enhancement for TDD CJT scenarios (i.e., it does not enable multiplexing of more pseudo-orthogonal SRS port onto a same time/frequency resource). It could, on the other hand, reduce the risk of SRS contamination (i.e., that the same SRS sequence is being used in two nearby/non-cooperating cells). However, this falls beyond the scope of this work item, and, hence, we propose:
[bookmark: _Toc118728909]Do not support to configure  (sequence index within a group) per SRS resource.
2.2.2.1	SRS TD-OCC
An SRS capacity enhancement that may decrease the number of CSs used for TDD CJT is SRS TD-OCC. Indeed, using a TD-OCC, SRS ports that use a same SRS sequence can be received without the risk of CSs colliding due to delay differences. In RAN1#110bis-e, it was agreed to further study SRS TD-OCC:
Agreement (RAN1#110bis-e)
For SRS TD OCC for SRS enhancements for TDD CJT, study:
· Comparison against SRS on 1 OFDM symbol
· Comparison against SRS repeated on multiple OFDM symbols
· Study the following aspects: evaluation performance, SRS overhead, per-symbol/per-port transmission power, impact of channel delay, dropping rules if collision with other uplink resource, etc.

First, it should be clarified that, compared to a single-symbol SRS resource. SRS TD-OCC over multiple symbols cannot offer capacity enhancements. However, SRS repetition, for which, a same frequency/code-domain mapping is used over  SRS symbols, is commonly used in real-world deployments to improve SRS coverage. For such scenarios, SRS TD-OCC, can improve SRS capacity by a factor . 
[bookmark: _Toc118728899]TD-OCC may improve SRS capacity in coverage-limited scenarios.
It is worth mentioning that techniques to improve SRS capacity for coverage-limited scenarios exist already in the form of SRS frequency hopping. However, this technique has the drawback that the SRS sequence length is shortened, which could make the system more sensitive towards inter-cell interference, especially in capacity-limited scenarios where the coverage-limited UEs may have to use very short SRS sequences.
TD-OCC for SRS can be applied over an SRS resource that is repeated over multiple OFDM symbols (e.g., for an SRS resource with a repetition factor larger than 1). By applying two different TD-OCC codes for two different SRS ports, the network can separate the two SRS ports during reception, even when they are configured with the same code (i.e., same sequence and CS), same frequency resource and same time resources. In this way, SRS capacity can be improved in coverage-limited scenarios.
Next, we demonstrate, by means of initial LLS evaluations for which we have not included delay differences or power imbalances, the effect on channel-estimation quality of using an SRS TD-OCC compared to legacy NR for channels with varying delay spread. The LLS simulation parameters are collected in Table 7. We have considered realistic channel estimation and the TDL-C channel model, as per the following agreement:
[bookmark: _Ref111215499]Agreement (RAN1#109-e)
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.

[bookmark: _Ref115464429]Table 7 	LLS parameters for initial TD-OCC evaluations.
	Summary of LLS parameters

	Number of TRPs
	2

	Number of UEs
	4

	Carrier frequency 
	3.5 GHz

	Subcarrier spacing
	30 kHz

	System bandwidth
	20 MHz

	Channel model
	TDL-C (ideal synchronization and power control)

	Delay spread (RMS)
	[30, 300] ns

	UE velocity
	0 km/h

	Antennas at UE
	2T4R

	Antennas at gNB
	32 ports: (8,8,2,1,1,2,8), [, ] = [0.5, 0.8] λ 

	SRS configuration
(used for both legacy and TD-OCC enhancement) 
	SRS bandwidth: 48 RBs
SRS comb: 2
Number of SRS symbols: 4
Repetition factor: 4
No frequency hopping and/or partial sounding

	SRS receiver
	Realistic



We consider two different SRS configurations:
· Legacy: 4 UEs/8 SRS ports are multiplexed on the same time/frequency resources using 8 CSs.
· TD-OCC enhancement: 4 UEs/8 SRS ports are multiplexed on the same time/frequency resources using 2 CSs and a length-4 TD-OCC (Hadamard code).
In Figure 6 we show (normalized) MSE as a function of the SNR, which is defined as the ratio between the transmit power per subcarrier divided by received noise power per subcarrier (the channel gain has been normalized to 1), for the case when the RMS delay spread is 30 ns and 300 ns. For high delay spread, note that SRS TD-OCC outperforms legacy methods at high SNR (i.e., when the interference is the dominant impairment). 
[image: ][image: ]
[bookmark: _Ref111216512]Figure 6	SRS TD-OCC enhancement versus legacy NR SRS for TDL-C with 30 ns (left) and 300 ns (right) RMS delay spread. 
Based on the above results, we make the following observations:
[bookmark: _Toc118728900]TD-OCC improves channel-estimation quality for channels with large delay spread and/or for channels with large delay differences between TRPs, which improves DL performance for reciprocity-based TDD CJT.
There are, however, as mentioned in the agreement above, some issues with SRS TD-OCC that requires some further attention, e.g., how to multiplex SRS resources with different number of SRS symbols, dropping rules due to collisions, etc. 
2.2.2.2	Precoded SRS for DL CSI acquisition
For multi-port UEs, it has been proposed to reduce the number of SRS ports (and, hence, reduce SRS overhead) through the introduction of SRS precoding. With this approach, based on UE-side CSI (obtained via CSI-RS transmission in the DL), the UE may direct the radiated energy towards the target TRP(s). There are, however, several issues with this approach:
· The network no longer has access to the full channel, which is preferred for reciprocity-based MU-MIMO operation. In fact, it is the main advantage with reciprocity-based MU-MIMO compared to feedback-based MU-MIMO.
· CSI-RS needs to be transmitted from the TRP(s), which may increase DL overhead.
· Practical UEs are typically equipped few antenna ports. For 1 Tx UEs, SRS precoding gain is zero. For 2 Tx UEs, small SRS precoding gain can be attained if both ports use the same polarization, which is not the typical case. Hence, the gains are mainly for UEs equipped with many Tx chains, e.g., the CPE/FWA devices that are targeted in the work item related to 8 Tx UL transmission. Such UEs are not targeted in this work item, nor are they typical in TDD CJT scenarios.
· SRS precoding may cause PAPR issues (as discussed in Section 2.1.1).
Due to these concerns/issues, we propose:
[bookmark: _Toc118728910]Do not support precoded SRS for DL CSI acquisition as a TDD CJT enhancement.
2.2.3	SRS interference mitigation and randomization
Candidate solutions that under this category on enhancements include power control towards multiple TRPs, CS and/or comb-offset hopping, enhanced configuration of CSs (e.g., configure CS for each port of a multi-port SRS resource), and pseudo-random muting.
2.2.3.1	Power control towards multiple TRPs
In RAN1#110bis-e, the following agreement was made:
Agreement (RAN1#110bis-e)
For per-TRP power control and/or power control of one or multiple SRS transmission occasions towards to multiple TRPs, study the options for an SRS resource set:
· Option 1: 
· Same power control process for all SRS resources of an SRS resource set where the power control process is based on one Po value and one closed loop state and jointly on more than one DL pathloss RS and/or more than one alpha
· Each transmission occasion of the SRS resource is towards multiple TRPs
· Option 2: 
· More than 1 power control processes each for a subset of SRS resource of an SRS resource set where each of the power control process is based on a different UL power control parameter set (Po, alpha, and closed loop state) associated with a different DL pathloss RS
· Different transmission occasions of the SRS resource can be towards different TRPs

A possible way to mitigate interference caused by the near-far problem described in Section 2.2.1.2 is to use dedicated power control for UL sounding for each TRP, where one SRS resource set with usage ‘antennaSwitching’ is configured with multiple power-control parameters (one per TRP) and where different power-control parameters (which include, at least, PL-RS) are used at different SRS transmission occasions. 
For example, during a first SRS transmission occasion, the UE should apply power-control parameters associated with a first TRP (which means that the SRS from different UEs will be received with similar power at the first TRP during the first SRS transmission occasion), and during a second SRS transmission occasion, the UE should apply power control parameters associated with a second TRP (which means that the SRS from different UEs will be received with similar power at the second TRP during the second SRS transmission occasion). In this way, acceptable channel-estimation quality can be attained at each TRP, at least, every second SRS transmission occasion. 
How to alternate the power control associated with different TRPs for different SRS transmission occasions can either be specified (e.g., according to some alternating scheme) or dynamically indicated using DCI. In addition, different SRS transmission occasions can either be in the same slot or in different slots. 
Based on the above, we propose 
[bookmark: _Toc118728911]Associate an SRS resource set for ‘antennaSwitching’ with more than one set of power control parameters, and where different SRS transmission occasions of the SRS resource set is associated with a different set of power control parameters
2.2.3.2	Cyclic-shift and comb-offset hopping
How to randomize SRS interference in TDD CJT operation may need careful consideration. As explained in Section 2.2.1.1, differences in delay between TRPs can cause SRS ports to collide, which results in significant intra-sequence interference. For example, if, at some TRP, a weaker SRS port collides with a stronger SRS port, the CSI quality for, at least, the weaker port will be poor. In RAN1#110bis-e, it was agreed to support, at least, one of CS and comb-offset hopping:
Agreement (RAN1#110bis-e)
Support at least one of the following for SRS interference randomization
· Randomized code-domain resource mapping for SRS transmission by introducing cyclic shift hopping/randomization to SRS resource.
· Comb offset hopping for SRS.
· The comb offset is determined pseudo-randomly as a function of time (e.g., slot index, symbol index) and/or NW configured ID with a certain UE-specific initialization.
· FFS: Other details, e.g., how the comb offset value is determined by the parameters for each SRS port of an SRS resource for an SRS transmission occasion.

Furthermore, it was agreed to study the following aspects:
Agreement (RAN1#110bis-e)
For comb offset hopping for SRS and for randomized code-domain resource mapping for SRS transmission via cyclic shift hopping/randomization, further study the following:
· The hopping pattern (e.g., the pseudo-random sequence, time-domain granularity for hopping).
· The time-domain parameter and/or behavior (e.g., slot index, symbol index, re-initialization behavior).
· Network-configured ID for UE-specific initialization.
· How the comb offset/cyclic shift value is determined by the parameters for each SRS port of an SRS resource for a SRS transmission occasion.
Potential issue on multiplexing with legacy UEs if CS hopping and/or comb offset hopping are enabled
· Applicability to periodic/semi-persistent/aperiodic SRS
Other details are not excluded

· 

In our view, at least, CS hopping should be supported as this scheme could mitigate collisions due to delay differences (i.e., the problem highlighted in Section 2.2.1.1). For example, for the TRP-common scenario in Section 2.2.1.1, collisions can be avoided in every other SRS transmission occasion by using a very simple CS hopping scheme for which the SRS resource configured for UE2 alternate between using CSs  and . This hopping scheme is by no means optimal but demonstrates how CS hopping can be used to improve robustness towards delay differences.
[bookmark: _Toc118728912]Support, at least, CS hopping for TDD CJT.
Whether comb-offset hopping should be additionally supported or whether hopping can occur over comb offsets for a multi-port SRS resource configured with multiple comb offsets can be further studied.
Recall from Section 2.1.1 that the CS  (in radians) for SRS port  is given by [3]:

Here,  is the CS assigned to the th SRS port. As suggested, e.g., in [9], CS hopping can be achieved by updating this formula to, e.g., the following: 

With  being the offset due to CS hopping. An open question is whether  is port specific or the same for all SRS ports, i.e., if , for , or not. 
An important aspect for multi-port SRS resources is that CS hopping should not increase the PAPR. Indeed, in an aforementioned RAN1#109-e agreement, the following note is included:
Note: PAPR performance and maintaining DFT waveform property should be considered when deciding the enhancement for Rel-18.

[bookmark: _Ref111221680]2.2.3.3	Enhanced configuration of cyclic shifts
The legacy port-to-CS mapping rule aims to separate the CSs between different SRS ports of the same SRS resource as much as possible. If there is only one scheduled UE during an SRS transmission occasion, the legacy port-to-CS mapping rule would be optimal since it maximizes the robustness to delay spread. However, as brought forward in, e.g., [6], [10], this rule may be suboptimal in a TDD CJT scenario for which delay differences between SRS resources may be more problematic than delay spread between SRS ports. A CS allocation scheme that is more suitable for TDD CJT operation may include assigning SRS ports to only a limited range of CSs. Therefore, an enhanced configuration of CSs has been brought forward as a candidate enhancement for SRS for TDD CJT.
In [10], it is proposed to split set of available CSs on a comb offset into smaller subsets of contiguous CSs, and where an SRS resource can be configured with CSs belonging to only one subset. By separating these subsets by unused CS(s), robustness to delay differences can be achieved.
In [6], it is proposed to introduce per-port configuration of CS for a multi-port SRS resource. This would make existing port-to-CS mapping schemes redundant and would provide network with maximum configuration flexibility to, e.g., trade-off robustness to delay spread and robustness to delay differences. There are, however, some challenges with this approach. Multi-port SRS resources can be configured to occupy CSs on different comb offsets, which can achieve larger separation compared to allocating all CS on the same comb offset. This could be supported by this scheme by introducing also per-port configuration of comb offset for a multi-port SRS resource. However, with such flexibility, UE can be assigned with any combination of CSs and comb offsets, and, hence, must assume worst-case PAPR. Furthermore, it is not clear how such a scheme can be combined with CS and/or comb-offset hopping (e.g., how do design a hopping pattern if an SRS resource can be configured with any combination of CSs and comb offsets).
Based on the above, we propose:
[bookmark: _Toc118728913]Study enhanced configuration of CSs using new CS allocation scheme. 
2.2.3.4	Pseudo-random muting
Pseudo-random muting involves not transmitting SRS in a scheduled time/frequency resource according to some pseudo-random pattern. Such a scheme could occasionally result in reduced interference for co-scheduled UEs that does not share the same muting pattern. While we recognize that this scheme could potentially improve channel-estimation quality for some sounding occasions, as suggested by simulation results provided in [6], [11], it does not target either of the aforementioned TDD CJT issues, which is in contrast to other potential enhancements in this category (i.e., the ones discussed in Section 2.2.3.1—2.2.3.3). Furthermore, this scheme is not applicable for aperiodic SRS. With the large number of candidate solutions still on the table, we prefer to prioritize further study of enhancements that are addressing the main TDD CJT challenges and that are applicable to all SRS resource types (i.e., periodic, semi-persistent, and aperiodic). Thus, we propose:
[bookmark: _Toc118728914]Do not support pseudo-random muting as a TDD CJT enhancement.
2.2.4	Flexible SRS signaling
In Rel-16, additional UE-capability signaling was introduced indicating that the UE supports SRS antenna switching where only a subset of the UE antennas is sounded, which can be used to reduce UE energy consumption and SRS overhead at a cost of reduced DL performance. In Rel-17, SRS antenna switching was extended to up to 8 RX and this feature is therefore now even more important. 
SRS resources used for reciprocity-based MU-MIMO with a potentially large number of UEs consume significant amount of UL resources. Furthermore, TDD deployments typically have few UL slots or few UL symbols in special slots. Hence, to be able to dynamically manage these resources becomes important as the traffic load increases. Note that both full-channel (i.e., sounding all UE antennas) and partial-channel (i.e., sounding a subset of the UE antennas) sounding provides the possibility to perform MU-MIMO scheduling but as the acquired channel knowledge is different, performance will also differ. Hence, it is possible to trade-off overhead with performance by adapting the SRS transmission scheme.  
[bookmark: _Toc118728901]Dynamically adapting the SRS configurations is important to manage SRS load and to enable fast trade-off between SRS overhead and performance/need. 
One possible solution is to configure, e.g., 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 supports multiple TR values, it is beneficial if switching between them can be done faster than using RRC. 
[bookmark: _Toc66683022][bookmark: _Toc83999203][bookmark: _Toc118728915][bookmark: _Toc61874759]Consider 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.
Note that this scheme differs from SRS precoding (which can also reduce the number of SRS ports) in a very important way: the network may dynamically select whether to have full channel knowledge or not (e.g., depending on current traffic conditions).
3	Conclusion
In the previous sections we made the following observations: 
Observation 1	An 8-port SRS resource that is configured with, at least, transmission comb 4 or 8 must occupy a plurality of comb offsets.
Observation 2	A new port-to-CS mapping formula is needed for supporting 8-port SRS resource configured with transmission comb 4 or 8 on a same OFDM symbol.
Observation 3	For TDD CJT, delay differences between TRPs reduces the number of usable CS per comb offset and, hence, decreases SRS capacity.
Observation 4	There is a near-far problem if a same SRS resource is used by a UE for UL sounding at multiple TRPs simultaneously.
Observation 5	TD-OCC may improve SRS capacity in coverage-limited scenarios.
Observation 6	TD-OCC improves channel-estimation quality for channels with large delay spread and/or for channels with large delay differences between TRPs, which improves DL performance for reciprocity-based TDD CJT.
Observation 7	Dynamically adapting the SRS configurations is important to manage SRS load and to enable fast trade-off between SRS overhead and performance/need.

Based on these observations and on the discussion in the previous sections we propose the following:
Proposal 1	8-port SRS resource design does not depend on usage, i.e., support same mapping of SRS ports to time/frequency resources for ‘antennaSwitching’ and ‘codebook’.
Proposal 2	An 8-port SRS resource configured with transmission comb 4 occupies, at least, 2 comb offsets.
Proposal 3	An 8-port SRS resource configured with transmission comb 8 occupies, at least, 4 comb offsets.
Proposal 4	For an 8-port SRS resource, SRS ports are mapped to CSs in a way such that reuse of CSs over comb offsets is minimized.
Proposal 5	Different SRS ports within an SRS resource cannot be mapped to different symbols.
Proposal 6	Further down-selection of candidate TDD CJT enhancements is needed and should be a prioritized discussion point in RAN1#111.
Proposal 7	SRS for TDD CJT enhancements should target practical challenges including colliding SRS ports due to delay-shift differences and/or near-far problem.
Proposal 8	Do not support to configure  (sequence index within a group) per SRS resource.
Proposal 9	Do not support precoded SRS for DL CSI acquisition as a TDD CJT enhancement.
Proposal 10	Associate an SRS resource set for ‘antennaSwitching’ with more than one set of power control parameters, and where different SRS transmission occasions of the SRS resource set is associated with a different set of power control parameters
Proposal 11	Support, at least, CS hopping for TDD CJT.
Proposal 12	Study enhanced configuration of CSs using new CS allocation scheme.
Proposal 13	Do not support pseudo-random muting as a TDD CJT enhancement.
Proposal 14	Consider 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.
[bookmark: _In-sequence_SDU_delivery]
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