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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: 
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.

[bookmark: _Ref178064866]2 	Discussion
In this contribution, we discuss SRS enhancements for TDD-CJT and 8 TX operation. Specifically, SRS enhancements targeting 8 TX 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
[bookmark: _Ref127546811]2.1.1	SRS for 8 Tx without TDM
In RAN1#110bis-e, it was agreed to support an 8-port SRS resource in an SRS resource set with usage ‘antennaSwitching’ or ‘codebook’, for which 8 SRS ports are mapped to each of  SRS symbols. A remaining issue, which we shall discuss next, is how to map the 8 ports onto comb offsets and cyclic shifts (CSs). 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



It has been agreed that for an 8-port SRS resource configured with transmission comb , the 8 SRS ports can be mapped to  or  comb offsets (8 or 4 SRS ports per comb offset). For transmission comb , the 8 SRS ports are mapped to  comb offsets (4 SRS ports per occupied comb offset). For transmission comb , the 8 SRS ports are mapped to  comb offsets (2 SRS ports per occupied comb offset). Furthermore, the mapping from SRS ports to comb offset is as per the following agreement:
Agreement (RAN1#112bis-e)
For an 8-port SRS resource in an SRS resource set with usage ‘codebook’ or ‘antennaSwitching’, when the 8 ports are mapped onto one or more OFDM symbols using legacy schemes (repetition, frequency hopping, partial sounding, or a combination thereof), and when the resource is assigned with  comb offsets, determine the mapping from the ports to comb offsets as follows:
· If , ports {1000, 1002, 1004, 1006} are mapped on the first comb offset, and {1001, 1003, 1005, 1007} on the second comb offset 
· If , ports {1000, 1004} are mapped on the first comb offset, {1001, 1005} on the second comb offset, {1002, 1006} on the third comb offset, and {1003, 1007} on the fourth comb offset.

There are some open questions on how to extend the CS mapping formula in 3GPP TS 38.211 to support 8 SRS ports. According to Rel-15/16 specification, the CS  (in radians) for SRS port  is given by:

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

Here,  is the RRC-configured CS and  is the number of SRS ports.
In RAN1#112bis-e, the following mapping from SRS ports to CSs was agreed for :
Agreement (RAN1#112bis-e)
For an 8-port SRS resource in a SRS resource set with usage ‘codebook’ or ‘antennaSwitching’, when the 8 ports are mapped onto one or more OFDM symbols using legacy schemes (repetition, frequency hopping, partial sounding, or a combination thereof), and when the resource is configured with comb  and with maximum  cyclic shifts per comb offset, the number of comb offset(s) and the cyclic shift locations are determined based on the one RRC configured cyclic shift location  as follows:
· If , then 1 comb offset is used, otherwise 2 comb offsets are used. 
The 8 cyclic shift locations for the 8 ports are {) mod ) mod , reusing the existing equation  in 38.211 6.4.1.4.2.

For , it was agreed to down-select CS mapping formula from one of two options:
Agreement (RAN1#112bis-e)
For an 8-port SRS resource in an SRS resource set with usage ‘codebook’ or ‘antennaSwitching’, when the 8 ports are mapped onto one or more OFDM symbols using legacy schemes (repetition, frequency hopping, partial sounding, or a combination thereof), and when the resource is assigned with comb 4 or comb 8, decide one of the following options:
· Option 1: the cyclic shift positions are completely aligned across the comb offsets on the same OFDM symbol.
· For comb , . For comb  , . For port , .
· Option 2: the cyclic shift positions are unaligned across the comb offsets on the same OFDM symbol for comb 4, and the cyclic shift positions are aligned on only 2 of the 4 comb offsets on the same OFDM symbol for comb 8.
· For comb , . For comb  , . Example: For port , . FFS equation details.
· FFS: potential impact on PAPR, if any.

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 CS mapping formula for 4-port SRS resources (since 4 ports cannot be equidistantly separated over  CSs):

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.
[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



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 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.
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 CS mapping that minimizes the reuse of CSs on different comb offsets, e.g., as per the following (Option 2 in the above agreement):

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 CS mapping. We note that new CS mapping results in significantly lower PAPR.
[image: ][image: ]
[bookmark: _Ref118581316]Figure 1	PAPR with extension of legacy and new 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: _Toc135034489]Support Option 2 (SRS ports are mapped to CSs in a way such that reuse of CSs over comb offsets is minimized). 
Note that the PAPR issue exist also for legacy 4-port SRS resources. A CS mapping according to Proposal 1 could improve the PAPR for 4-port SRS resources as well. Indeed, the new CS mapping 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.
2.1.2	SRS for 8 Tx with TDM
In RAN1#112, the following was agreed for SRS TDM:
Agreement (RAN1#112)
For an 8-port SRS resource in an SRS resource set with usage ‘codebook’ or ‘antennaSwitching’ and resource mapping based on TDM onto OFDM symbols in a slot and with TDM factor , support the 8 ports equally partitioned into subsets with each subset having  different ports.
· At least . 
· FFS: .
· , and  is a multiple of .
· Each of the  OFDM symbols has only one subset. Reuse the existing resource mapping designed for  ports on each OFDM symbol.
· Including frequency-domain resource allocation and mapping to cyclic shifts. FFS port indexing within the subset of  ports.
· FFS: down selection from existing resource mapping designs
· FFS: which subset of  ports are mapped onto each OFDM symbol.
· FFS: the TDM factor  is configured as an explicit RRC parameter or determined implicitly from other parameters. 

For the first FFS, we don’t prefer to split SRS ports unevenly over OFDM symbols. Uneven distribution of SRS ports is not desired as it requires special handling and results in different power for different SRS ports. The only number of SRS ports per OFDM symbol that support all values of  according to the above agreements is 4. Hence, we propose:
[bookmark: _Ref127547279][bookmark: _Ref131798423][bookmark: _Toc135034490]Don’t support TDM factor  or .
For the second FFS, we start by noting that, according to above agreements, existing resource mapping designed for  SRS ports will apply to SRS TDM as well. The main benefit with SRS TDM is that UE splits the transmit power over only half (according to Proposal 2) of the SRS ports to increase the coverage. NR supports already several SRS coverage enhancement schemes: repetition, frequency hopping (FH), and partial sounding. These schemes should be supported also for an SRS resource configured with TDM and offer a sufficient set of methods for mapping each subset of SRS ports to OFDM symbols:
[bookmark: _Ref127544169][bookmark: _Toc135034491]Don’t support down selection from existing resource mapping schemes, i.e., support SRS TDM combined with one or more of repetition, frequency hopping, and partial sounding.
For the fourth FFS, it was agreed in RAN1#112bis-e that cyclic mapping will be supported:
Agreement (RAN1#112bis-e)
For an 8-port SRS resource in an SRS resource set with usage ‘codebook’ or ‘antennaSwitching’ and resource mapping based on TDM onto  OFDM symbols in a slot and with TDM factor , the  subsets of ports are mapped cyclically as {{1, 2, …, }, …, {1, 2, …, }} on the  OFDM symbols.

For the fifth FFS, with Proposal 2, only one TDM factor is supported and it does not need to be explicitly configured:
[bookmark: _Toc135034492]The TDM factor is implicitly set to  when SRS TDM is configured/enabled.
For the third FFS, out preference is to reuse existing resource mapping designed for  SRS ports. In Figure 2/Figure 3, we show an example of how SRS ports can be mapped to time/frequency resources for the case of an SRS resource configured with TDM factor , repetition factor , and with/without FH. Here  and  is the first and second subset of SRS ports, respectively. In these figures, the repetition factor is the number of OFDM symbols for each subset of SRS ports and for each frequency hop.
[image: ]
[bookmark: _Ref135030363]Figure 2	Example of 8-port SRS TDM also configured with repetition factor 2 and FH.
[image: ]
[bookmark: _Ref135030370]Figure 3	Example of SRS TDM also configured with repetition factor 2.
To achieve the patterns above, we propose the following:
[bookmark: _Toc135034493]For SRS TDM: SRS ports  are transmitted in  consecutive SRS symbols starting from , SRS ports , , ..., , are transmitted in  consecutive SRS symbols starting from ,    ..., etc., where  is the TDM factor and SRS symbols are measured from first OFDM symbol configured for the SRS resource.
For the above examples (for which the first OFDM symbol of the SRS resource is 6) this yields: SRS ports 0—3 are transmitted in 2 consecutive OFDM symbols starting from 0 + 6 = 6 and 4 + 6 = 10, SRS ports 4—7 are transmitted in 2 consecutive OFDM symbols starting from 2 + 6 = 8 and 6 + 6 = 12, which agrees with the above figures.
Note that, according to the above proposal, the first and second subset of SRS ports are  and , respectively.
2.2	SRS for TDD CJT
2.2.1	Cyclic-shift and/or comb-offset hopping
In RAN1#112, the following agreement on CS and/or comb-offset hopping was made:
Agreement (RAN1#112)
For SRS interference randomization, support:
· Opt. 3: Both cyclic shift hopping and comb offset hopping. 
· At least the two features can be separately configured
· FFS: Combined cyclic shift hopping and comb offset hopping for a UE
· FFS: Separate or combined with SRS sequence group hopping / sequence hopping 
· FFS: Associated UE capability 

According to the above agreement, at least one of CS hopping and/or comb-offset hopping can be configured for an SRS resource. In the following, we provide details on how to support such hopping in a way that does not incur collisions between CS and/or comb offsets associated with different SRS resources, we also discuss whether/how a combined CS/comb-offset hopping scheme can be supported.
Irrespectively of which hopping scheme that is configured (i.e., one or more of CS hopping, comb-offset hopping, or a joint CS/comb-offset hopping scheme) it must support co-scheduling of legacy UEs on a shared set of RBs, which puts some restriction on the hopping pattern. The simplest way to support such co-scheduling is to restrict the hopping pattern to a subset of the available CSs (and/or comb offsets).
[bookmark: _Toc135034494]CS and/or comb offset hopping is limited to a subset of CSs and/or comb offsets.
In what follows, we demonstrate, for the case of transmission comb 2 for which there are 8 possible CSs, how co-scheduling of CS-hopping SRS resources with a legacy 4-port SRS resource (that occupies 4 CSs on the same comb offset, according to legacy port mapping, as shown in Figure 4) can be supported.
[image: ]
[bookmark: _Ref127567531]Figure 4	Legacy 4-port SRS resource (RRC-configured with comb offset 0 and CS 0) over multiple transmission occasions. The mapping from SRS ports to CSs and comb offsets does not vary over time.
In Figure 5, we show two examples of CS hopping on a subset of CSs for which co-scheduling with legacy UE(s) is possible. Specifically, collisions can be avoided by configuring the CS hopping on different comb offset or by restricting the CS hopping to a subset of the available CSs per comb offset. Note that SRS ports 0—3 can belong to either a single 4-port SRS resource, two different 2-port SRS resources, or four different 1-port SRS resources. 
[image: ]
[image: ]
[bookmark: _Ref127567716]Figure 5	SRS resource configured with CS hopping (over 4 CSs), co-scheduled with legacy SRS resource on separate (top part of the figure) or same (bottom part of the figure) comb offset.
To avoid collisions, the set of CSs and/or comb offsets over which the hopping occurs and the hopping pattern within the set of CSs and/or comb offsets must be NW-configured. In legacy NR, the CSs and comb offsets spanned by an SRS resource, and the mapping from SRS ports to these CSs and comb offsets is configured by RRC parameters combOffset and cyclicShift. These parameters can be reused to determine the subset of CSs and/or comb offsets also for the hopping scheme. 
For example, in the above examples, to support SRS resources in orthogonal subsets, the legacy 4-port SRS resource is RRC configured with CS 0 and comb offset 0, the first CS-hopping 4-port SRS resource (in the top part of the figure) is configured with CS 0 and comb offset 1, and the second CS-hopping 4-port SRS resource (in the bottom part of the figure) is configured with CS 1 and comb offset 0.
To support hopping for SRS resources with fewer ports than the cardinality of the configured subset, the starting position of the hopping pattern within the subset can also be configured by RRC parameters combOffset and cyclicShift. For example, in the top part of Figure 4, the SRS ports 0—3 could correspond to four different 1-port SRS resources configured with comb offset 1 and CS 0, 2, 4, and 6, respectively.
Based on the above, we propose: 
[bookmark: _Toc135034495]The subset of CSs and/or comb offsets, and the starting position of the hopping pattern within the subset is configured by legacy parameters cyclicShift and combOffset.
It is a possibility that both (separate and/or joint) CS and comb-offset hopping will be supported in NR Rel-18 in the same OFDM symbol. In this case, from a NW perspective, if more than one hopping scheme is supported, it should still be possible to co-schedule UEs supporting different hopping schemes, i.e., SRS ports in SRS resources configured with different hopping schemes should not collide
Again, the solution is to restrict the hopping to a limited set of CSs and/or comb offsets. In this case, the subset of CSs and comb offsets may have to depend on the configured hopping scheme. In Figure 6, we show an example of how 4-port (or less) SRS resources configured with different hopping schemes can be supported in the same RB.
Based on the above, we propose:
[bookmark: _Toc135034496]Combined CS and comb-offset hopping is supported and such that SRS ports in SRS resources configured with different hopping schemes that does not collide in an OFDM symbol also does not collide in any other OFDM symbol. 

[image: ][image: ][image: ]
[bookmark: _Ref127571928]Figure 6	Legacy SRS resource co-scheduled with CS-hopping (over 4 CSs) SRS resource (top part of the figure), with CS-hopping (over 4 CSs) SRS resource and comb-offset-hopping (over 2 comb offsets) SRS resource (middle part of the figure), and with CS-hopping (over 4 CSs) SRS resource, comb-offset-hopping (over 2 comb offsets) SRS resource, and joint CS-and-comb-offset-hopping (over 2 CSs and 2 comb offsets) SRS resource (bottom part of the figure).
According to the below RAN1#112bis-e agreement, the hopping pattern within the configured subset is determined by a predefined pseudo-random sequence (specifically, the sequence  in Clause 5.2.1 of 3GPP TS 38.211 initialized with a new ID ):
Agreement (RAN1#112bis-e)
For SRS comb offset hopping and/or cyclic shift hopping, for a SRS resource, the hopping pattern initialization ID determined by , where  is a new ID for cyclic shift hopping and/or comb offset hopping.
· The range of the new ID is from 0 to 1023.

An open question is how/when reinitialize the pseudo-random hopping:
Agreement (RAN1#112bis-e)
For SRS comb offset hopping / cyclic shift hopping, support reinitialization at the beginning of every  radio frame(s), where .
· FFS:  is fixed or configurable.

In legacy specification, for sequence/group hopping, the pseudo-random hopping is reinitialized at the beginning of every radio frame (). We don’t see a strong motivation for introducing new behavior for CS/comb-offset hopping and, hence, propose:
[bookmark: _Toc135034497]Support fixed reinitialization at the beginning of each radio frame ().
3	Conclusion
Based on the discussion in the previous sections we propose the following:
Proposal 1	Support Option 2 (SRS ports are mapped to CSs in a way such that reuse of CSs over comb offsets is minimized).
Proposal 2	Don’t support TDM factor  or .
Proposal 3	Don’t support down selection from existing resource mapping schemes, i.e., support SRS TDM combined with one or more of repetition, frequency hopping, and partial sounding.
Proposal 4	The TDM factor is implicitly set to  when SRS TDM is configured/enabled.
Proposal 5	For SRS TDM: SRS ports  are transmitted in  consecutive SRS symbols starting from , SRS ports , , ..., , are transmitted in  consecutive SRS symbols starting from ,    ..., etc., where  is the TDM factor and SRS symbols are measured from first OFDM symbol configured for the SRS resource.
Proposal 6	CS and/or comb offset hopping is limited to a subset of CSs and/or comb offsets.
Proposal 7	The subset of CSs and/or comb offsets, and the starting position of the hopping pattern within the subset is configured by legacy parameters cyclicShift and combOffset.
Proposal 8	Combined CS and comb-offset hopping is supported and such that SRS ports in SRS resources configured with different hopping schemes that does not collide in an OFDM symbol also does not collide in any other OFDM symbol.
Proposal 9	Support fixed reinitialization at the beginning of each radio frame ().
[bookmark: _In-sequence_SDU_delivery]
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