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1 [bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In last meeting, it has been agreed that both CS hopping and comb offset hopping are supported for SRS interference randomization [1]: 
	Agreement
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

Agreement
For SRS comb offset hopping and/or cyclic shift hopping, for each SRS port, the hopping pattern is determined based on the pseudo-random sequence c(i), initialized with one of the following IDs.
· Option 1: Reuse the SRS sequence identity .
· Option 2: Introduce new ID(s).
· FFS: the value range, one new ID or two separate new IDs, default ID(s)
Agreement
For SRS comb offset hopping and/or cyclic shift hopping, the time-domain hopping behavior depends on at least the slot index  within a radio frame and OFDM symbol index , and select at least one of the following options:
· Option 1: Within a slot, hopping based on the repetition factor  and symbol index that is the same across the R repetitions.
· Option 2: Within a slot, hopping based on only the symbol index .
· Option 3: No intra-slot hopping.
· FFS: Time domain hopping behaviour further depends on system frame number (SFN) .
· FFS: reinitialization periodicity of N radio frames or reinitialization based on system frame number.
· FFS: Whether to adopt the same option(s) for comb offset hopping and cyclic shift hopping (if supported separately)
· FFS: At least support reinitialization at the beginning of each radio frame. 



For SRS enhancement for 8Tx UL transmission, the mapping pattern for 8 ports in 1 symbol has been agreed and several TDM-related design are listed for further study [1].
	Agreement
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), at least support:
· For comb 2, support 1 and 2 comb offsets
· For comb 4, support 2 and [4] comb offset
· For comb 8, support 4 comb offsets
Agreement
For an 8-port SRS resource in a SRS resource set with usage ‘codebook’ or ‘antennaSwitching’ and resource mapping based on TDM onto m ≥ 2 OFDM symbols in a slot and with TDM factor s, support the 8 ports equally partitioned into s subsets with each subset having 8/s different ports.
· At least s = 2
· FFS: s = 4, s = 8.
· m = 2,4,8, 10,12,14, and m is a multiple of s.
· Each of the m OFDM symbols has only one subset. Reuse the existing resource mapping designed for 8/s ports on each OFDM symbol.
· Including frequency-domain resource allocation and mapping to cyclic shifts. FFS port indexing within the subset of 8/s ports.
· FFS: down selection from existing resource mapping designs
· FFS: which subset of 8/s ports are mapped onto each OFDM symbol.
· FFS: the TDM factor s is configured as an explicit RRC parameter or determined implicitly from other parameters. 
Agreement
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 non-TDMed schemes (repetition, frequency hopping, partial sounding, or a combination thereof), 
· Option 2: For comb 4, do not support 4 comb offsets.
Agreement
For an 8-port SRS resource in a SRS resource set with usage ‘codebook’ or ‘antennaSwitching’ and resource mapping based on TDM onto m ≥ 2 OFDM symbols in a slot and with TDM factor s ≥ 2, the m OFDM symbols are adjacent, and select one of the following options regarding the TDM pattern:
· Option 2-1: the s subsets of ports are mapped cyclically as {1, 2, …, s,1, 2, …, s} on the m OFDM symbols.
· Option 2-2: the s subsets of ports are mapped sequentially as {1, …, 1, 2, …, 2, s, …, s} on the m OFDM symbols.


This contribution mainly focuses on the open issues of SRS enhancement targeting TDD CJT and 8Tx UL transmission.

2 SRS interference management targeting TDD CJT
Scenarios of SRS interference under TDD CJT
As discussed in our previous contribution [2], two scenarios of SRS interference under CJT are listed and analyzed below.
Scenario A: Independent SRS resource allocation by each TRP
For scenario A, as shown in Figure 1, it is assumed that TRP1 is the serving TRP of UE1/2 (target UEs) and TRP2 is the coordinated TRP of UE1/2 as well as the serving TRP of UE3/4 (interference UEs). For simplicity, target UEs are supposed to have same transmission power and path loss to each TRP, and the same is true for interference UEs. Each SRS sent by the corresponding UE is received by both TRPs, and SRS1~4 have the same transmission power. Due to the independent resource allocation, SRS1/2 and SRS3/4 may occupy same physical resource (in terms of time and frequency) but use different root sequences. Without loss of generality, only the performance of target UEs is evaluated.
In order to accurately describe the SRS interference under scenario A, parameters ,  and  are introduced and need to be cautiously adopted. During previous meeting,  depicting the path loss difference from CJT UE to serving TRP and coordinated TRP(s) is agreed to be chosen from {-3, -6, -10}dB, which is utilized to describe the receiving power difference of a SRS at serving TRP and coordinated TRP(s). In terms of the , it describes the receiving power difference at coordinated TRP between the SRS sent by target UE and interference UE (i.e., SIR of SRS1/2 at TRP2), where and are the SRS transmission power of target UE and interference UE. Similarly,  describes the receiving power difference at serving TRP between the SRS sent by target UE and interference UE (i.e., SIR of SRS1/2 at TRP1). Based on the analysis in [2], ,  and  are exemplarily set to -3dB, -9dB and 3dB respectively during LLS. 
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Figure 1. SRS modelling of LLS for scenario A
Based on aforementioned SRS modeling, the delay-domain channel response of UE1 and UE3 at both TRPs, which is obtained by conducting LS channel estimation for the TRP-received superposition of SRS1 and SRS3 according to the root sequence of SRS1, is chosen as an example to illustrate the interference situation under scenario A as shown in Figure 2. Attributing to the different sequences adopted by SRS1 and SRS3, it can be observed that the interference caused by SRS3 is distributed in the entire delay domain. Furthermore, the prominent fluctuation of interference makes it possible to harvest channel estimation performance benefit through randomization and averaging. The different severity of interference at different TRPs comes from the PL difference in Figure 1. 
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(a) Normalized channel power response at TRP1
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(b) Normalized channel power response at TRP2
Figure 2. Delay-domain channel response of SRS1 and SRS3 for scenario A

Scenario B: Joint orthogonal SRS resource allocation by coordinated TRPs
For scenario B, as shown in Figure 3, it is assumed that TRP1 is the serving TRP of UE1 as well as the coordinated TRP of UE2, and TRP2 is the serving TRP of UE2 as well as the coordinated TRP of UE1. For simplicity,it is supposed that both TRPs and UEs are axisymmetric sharing the common axial plane. The difference of the propagation distance towards TRP1/2 between UE1 and UE2 is set to 100m. Each SRS sent by the corresponding UE is received by both TRPs, and all SRSs have same transmission power. It can be deduced from above hypotheses that , while the implication of  is similar to that in section 2.1.1 and their common absolute value is exemplarily set to 3dB. 
Owing to the joint orthogonal resource allocation, each SRS occupies different physical resources (in terms of time, frequency or CS). Specifically, SRS1 and SRS2 occupy CS0, 3, 6, 9 and CS1, 4, 7, 10 on comb offset 0 respectively, the performance of which is evaluated.
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Figure 3. SRS modelling of LLS for scenario B 
Based on aforementioned SRS modeling, the delay-domain response of UE1 and UE2 at both TRPs, which is obtained by conducting LS channel estimation for the TRP-received superposition of SRS1 and SRS2 according to the common SRS root sequence, is chosen as an example to illustrate the interference situation under scenario B as shown in Figure 4. 
Attributing to the propagation delay difference towards a certain TRP between UE1 and UE2, it can be observed that the CSs occupied by SRS2 are moving rightwards in delay domain at TRP1, and the CSs occupied by SRS1 are moving rightwards in delay domain at TRP2. Although TRP1 can still separate both SRSs well, disastrous overlapping does happen at TRP2, which will cause severe channel estimation performance degradation and should be mitigated or avoided to the utmost extent through proper interference randomization.  
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(a) Normalized channel power response at TRP1
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(b) Normalized channel power response at TRP2
Figure 4. Delay domain channel response of SRS1 and SRS2 for scenario B

Observation 1: Both scenario A (independent SRS resource allocation by each TRP, SRS interference comes from sequence difference) and scenario B (joint orthogonal SRS resource allocation by coordinated TRPs, SRS interference comes from propagation delay difference) should be considered for SRS interference management enhancement targeting TDD CJT.

CS hopping
[bookmark: OLE_LINK1]For CS hopping, the CS value of each SRS port is randomly chosen from a configured or predefined set at each SRS transmission. To ensure the quality of channel estimation and achieve the optimal interference randomization effect, CS hopping should be carefully designed complying with the following rules:

· Keep the CS distance between SRS ports unchanged during CS hopping
According to current spec., CS values allocated to multiple SRS ports of a UE are equal-distantly distributed to guarantee the maximum CS distance between adjacent ports, which can minimize the inter-port interference. The inter-port distance should be maintained during CS hopping. 
· Support finer CS hopping granularity
Notice that CS hopping has the opportunity to obtain higher degree of freedom (DoF) by hopping with finer granularity, which can achieve better interference randomization effect and harvest non-negligible performance benefit. 
Specifically, under scenario A, considering the prominent fluctuation of interference as shown in Figure 3, finer hopping granularity enables better interference whitening effect after time-domain filtering, which facilitates the delay-domain denoising and will improve the channel estimation performance. 
Under scenario B, considering that CS hopping should try its best to prevent SRS ports utilizing same root sequence from colliding with each other when combating propagation delay difference, the effective CS hopping range, the CS hopping offset within which can effectively mitigate the interference incurred by delay difference without introducing extra collision, is limited. With the assistance of CS hopping range limitation based on coarse gNB-side prior information of delay difference, the finer hopping granularity enables CS hopping offset to fall into the effective range with a higher probability, which will undoubtedly reduce the interference level and improve the channel estimation performance.
· Support CS hopping within a particular range
Considering the existence of delay difference under scenario B as well as CS-hopping-disabled legacy UE, CS hopping should be able to limit the range to avoid/alleviate the performance degradation incurred by the collision among SRS ports using the same root sequence.

CS hopping with finer CS granularity
For finer CS hopping granularity, the CS used per SRS port at each SRS transmission can be defined as: 
,
where  follows current spec. and  is the CS hopping offset.  is the parameter indicating the hopping granularity.

· Scenario A
For scenario A, , which is determined by pseudo-random sequence at each SRS transmission. Since CS hopping aims to randomize the interference brought by SRSs with different root sequence, SRS ports utilizing same root sequence can use same . Table 1 shows the detailed SRS resource allocation with  and . CS 0/2/4/6 among 8 cyclic shifts are used considering the potential interference between adjacent cyclic shifts under large delay spread (DS=300ns is assumed in the simulations). Other detailed simulation parameters can be found in Appendix A.


Table 1. SRS resource allocation of simulation scenario A
	
	Target UEs
	Interference UEs

	
	CS 0
	CS 2
	CS 4
	CS 6
	CS 0
	CS 2
	CS 4
	CS 6

	Comb 0
	UE1 port0
	UE1 port1
	UE1 port2
	UE1 port3
	UE3 port0
	UE3 port1
	UE3 port2
	UE3 port3

	Comb 1
	UE2 port0
	UE2 port1
	UE2 port2
	UE2 port3
	UE4 port0
	UE4 port1
	UE4 port2
	UE4 port3



Figure 5 shows the delay-domain channel response of UE1 and UE3 at TRP2, where time domain filtering as described in Appendix C is conducted to take full advantage of the interference randomization effect. It can be observed in Figure 5 that the fluctuation of interference is becoming more and more flat with the increase of K. Specifically, the peak of normalized interference power is 0.83 when CS hopping is disabled, while it is reduced to 0.42, 0.28 and 0.24 when K=1, 2 and 4 respectively. The flatness of interference will facilitate the delay-domain denoising and improve the channel estimation performance, which can be further proved by NMSE performance shown in Figure 6. 
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(a) Disabling CS hopping               (b) Enabling CS hopping with K=1
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 (c) Enabling CS hopping with K=2           (d) Enabling CS hopping with K=4
Figure 5. Illustration of CS hopping for scenario A 

In Figure 6, the NMSE results of SRS channel estimation for coordinated TRP2 are presented. To illustrate that CS hopping with finer granularity can obtain performance gains under different SRS sequence combinations, two pairs of SRS sequences () are selected. As shown in Figure 6(a) where sequence group u = 2 is used by UE1/2 and u = 7 is used by UE3/4, compared with CS hopping with K=1 which can be regarded as CS hopping with integer granularity, 0.5dB gain can be achieved by K=2. In addition, extra 0.6dB gain can be achieved by CS hopping with K=4 compared with K=2. In Figure 6(b) where u = 2 is used by UE1/2 and u = 24 is used by UE3/4, it can be seen that most of the gain, i.e., 0.5 dB, can be achieved by CS hopping with K=2 compared with K=1, and only extra 0.2dB gain can be further achieved by K=4. In summary, CS hopping with K>1 has better channel estimation performance than K=1 and should be supported. 
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(a) SRS1/2 with u = 2, SRS3/4 with u = 7    (b) SRS1/2 with u = 2, SRS3/4 with u = 24
Figure 6. NMSE performance of CS hopping with different granularity

From the MU-MIMO throughput performance of UE1 and UE2 shown in Figure 7, more performance gain can be derived by CS hopping with K>1 compared with K=1, which is consistent with the NMSE performance above. Specifically, CS hopping with K=4 can provide around 5% performance gain than K=1.
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(a) SRS1/2 with u = 2, SRS3/4 with u = 7    (b) SRS1/2 with u = 2, SRS3/4 with u = 24
Figure 7. Throughput performance of CS hopping with different granularity

· Scenario B
For scenario B, since CS hopping aims to randomize the interference brought by SRSs with same root sequence and different propagation delay, SRS ports utilizing same root sequence and experiencing observably different delay should use different . Furthermore, the  adopted should be limited within a certain range based on coarse gNB-side prior information to avoid disastrous collision among SRS ports utilizing same root sequence. 
Table 2 shows the detailed SRS resource allocation with  and . CS 0/3/6/9 are used by UE1 and CS 1/4/7/10 are used by UE2. Both UEs are mapped to the same comb, i.e. comb offset 0. Other detailed simulation parameters can be found in Appendix A.




Table 2. SRS resource allocation of simulation scenario B
	
	Target UEs

	
	CS 0
	CS 1
	CS 2
	CS 3
	CS 4
	CS 5
	CS 6
	CS 7
	CS 8
	CS 9
	CS 10
	CS 11

	Comb 0
	UE1 port0
	UE2 port0
	-
	UE1 port1
	UE2 port1
	-
	UE1 port2
	UE2 port2
	-
	UE1 port3
	UE2 port3
	-



Figure 8 shows the delay-domain channel power response of UE1 and UE2 at both TRPs. As described in subsection 2.1.2 and shown in Figure 9 (a), disastrous overlapping does happen at TRP2 due to the existence of propagation delay, which should be mitigated or avoided through proper CS hopping. Without loss of generality, the  of SRS1 is fixed to be 0 and the  of SRS2 is randomly chosen from a certain range during CS hopping. The aforementioned effective CS hopping range is presented by the red rectangle in Figure 9, whose length is around 1/96 of the symbol length (i.e., half CS grid). It’s obvious that the interference incurred by delay difference will be significantly mitigated and no extra collision will be introduced if the CS hopping offset falls into the effective range. 
It can be concluded from Figure 8 that under certain CS hopping range limitation (obtained according to coarse gNB-side prior information of delay difference, assumed to be no more than half grid starting from RRC-configured position, slightly misaligned with the effective range), the candidate CS hopping offset has a higher probability to fall into the effective range with the increase of K. Specifically, for K=1, the candidate CS hopping offset can be 0 and 1 (in terms of grid), which means no CS hopping offset falls into the effective range. For K=2, the candidate offset can be 0, 0.5 and 1 (in terms of grid) which means 1/3 of them falls into the effective range. For K=4, the candidate offset can be 0, 0.25, 0.5, 0.75, 1 (in terms of grid) when K=4, which means 3/5 of them falls into the effective range. The higher the probability of falling into the effectively range, the lower the interference level will be after time-domain filtering and better channel estimation performance can be expected.
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(a) CS hopping with hopping offset = 0
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(b) CS hopping with hopping offset = 0.25 (grid)
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(c) CS hopping with hopping offset = 0.5 (grid)
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(d) CS hopping with hopping offset = 1 (grid)
Figure 8. Illustration of CS hopping for scenario B

The NMSE and throughput results are shown in Figure 9 and Figure 10. For CS hopping of SRS2,  is randomly chosen from the aforementioned candidate CS offsets for each K value. Restricted by the interference level, the benefit of finer hopping granularity is not so significant in Figure 9(a) and (d). In terms of Figure 9(b) and (c), by increasing the probability of CS hopping offset falling into the effective range, finer hopping granularity can dramatically improve the overall performance. The reason why the performance tendency of K=1/2 and K=4 in Figure 9(b) and (c) seems quite different is that the extraordinarily divergent interference level will prevent time-domain filtering from improving the performance of worse case to a considerable extent. 
The MU-MIMO throughput performance of target UE1/2 is shown in Figure 10. The CS hopping with K=2/4 can bring significant performance gain than that with K=1. Specifically, about 30% gain and 18% gain can be achieved by K=4 and K=2 compared with K=1, respectively.
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(a) NMSE performance of UE1 for TRP1      (b) NMSE performance of UE2 for TRP1
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(c) NMSE performance of UE1 for TRP2      (d) NMSE performance of UE2 for TRP2
Figure 9. NMSE performance of CS hopping with different granularity
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Figure 10. Throughput performance of CS hopping with different granularity

Observation 2: CS hopping with finer CS granularity can obtain more obvious gain under both scenario A and B. 
[bookmark: OLE_LINK3]Proposal 1: Support CS hopping with finer granularity, e.g., , where  can be randomly chosen from  at each SRS transmission.

CS hopping within a particular range
When all of the SRS ports within a comb can perform CS hopping, to combat the inter-cell interference, i.e., in scenario A, it is obvious that  should be randomly selected from  to achieve better interference randomization effect as discussed in section 2.2.1. However, when some of the SRS ports within a comb are from legacy UEs while other SRS ports in the comb are from Rel.18 UE enabling CS hopping, the CS range for hopping should be limited within a proper range to live in harmony with the legacy UE. 
As shown in Figure 11, on comb 0, both Rel.18 SRS1 and SRS2 can perform CS hopping without the hopping range restriction, i.e., all of the ports can hop among CS {0, 1, 2, 3, 4, 5, 6, 7} to randomize the inter-sequence interference on comb 0. While on comb 1, there exists a 2-port SRS from legacy UE. If there is no restriction on CS hopping range for SRS3/4/5, both performance of legacy SRS and that of SRS 3/4/5 will severely degrade. 
In fact, SRS3/4/5 can still obtain the benefits of inter-sequence interference randomization if CS hopping can be performed within a particular range. Specifically, port 0 and port 1 of SRS3/4/5 can respectively hop among CS {0, 1, 2} and {4, 5, 6}, which means the CS range for each SRS port can be consecutive. However, to achieve better randomization performance, both port 0 and 1 can hop among CS {0, 1, 2, 4, 5, 6}, which means that the hopping range for each SRS port can also be discrete. 
Furthermore, considering the existence of delay difference under scenario B as mentioned in section 2.1.2, CS hopping should also be able to limit the range to avoid/alleviate the performance degradation incurred by severe collision.
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Figure 11. Example of SRS resource allocation 

Observation 3: Considering the existence of legacy UE as well as the delay difference under scenario B, CS hopping should be able to limit the range.
Based on the discussion above, for the case that legacy SRS has multiple ports, the CS hopping range should include multiple uniformly-distributed sub-regions within a comb offset. Also, to maintain the CS interval between different ports within a SRS resource when perform CS hopping, each ports on the same comb offset should have same CS hopping range. 
Proposal 2: Support to limit the CS hopping range. 
· The SRS ports of a SRS resource occupying same comb offset should share same CS hopping range. 

Comb offset hopping
For comb offset hopping, the comb offset value of each SRS port is randomly chosen from a configured or predefined set at each SRS transmission. A possible implementation of comb offset hopping is defined as:

where  is the hopping offset which can be randomly selected from the full set or subset of  which is determined by pseudo-random sequence at each SRS transmission. For scenario A, since comb offset hopping aims to randomize the interference brought by SRSs with different root sequence, SRS ports utilizing same root sequence should always use same . For scenario B, since comb offset hopping aims to randomize the interference brought by SRSs with same root sequence and different propagation delay, SRS ports utilizing same root sequence and experiencing observably different delay should use different .
Similar to CS hopping, for compatibility with legacy UEs, comb offset hopping (COH) within a particular comb offset range should also be supported to avoid performance loss caused by collisions with legacy UEs. 
As shown in Figure 12, there exists a 2-port legacy SRS4 with CS 3/9 on comb 2 and a 4-port legacy SRS5 with CS 0/3/6/9 on comb 3. If there is no restriction on comb offset range for COH for SRS1/2/3, both performance of legacy SRS and that of SRS 1/2/3 will severely degrade. 
In fact, some or all of the SRS1/2/3 can still obtain the benefits of inter-sequence interference randomization if COH can be performed within a particular range. Specifically, when considering COH range per SRS resource, the SRS1 and SRS2 can hop between comb {0, 1}. However, SRS3 cannot perform COH and the interference randomization effect cannot be achieved. Based on aforementioned discussion, the COH range should be configured per SRS port/port group. For example, the port {0, 2} and the port {1, 3} of SRS1 and SRS2 can be configured with different COH range and perform COH independently. For port {0, 2}, COH range {0, 1, 2} is configured, while for port {1, 3}, COH range {0, 1} is configured. In that case, SRS3 can perform COH with range {0, 1, 2} to achieve interference randomization effect, the randomization effect of port {0, 2} of SRS1 and SRS2 is also improved.

[image: ]
Figure 12. Example of SRS resource allocation 

Observation 4: Considering the existence of legacy UE, comb offset hopping should be able to limit the range.
Proposal 3: Support to limit the comb offset hopping range per port/port group.

Combination of CS hopping and comb offset hopping
The combination of CS Hopping and COH can be seen as extending interference randomization from a single dimension to two dimensions for more DoF, which will improve the interference randomization effect. The increase of DoF can bring obvious benefit especially when the available CSs/comb offsets for CS hopping/COH is limited. As shown in Figure 13, for comb 0, SRS1 are mapped to CS 0/2/4/6 and legacy SRS are mapped to CS 1/3/5/7, and for comb 1, SRS2/3/4 are mapped to CS0~7. To avoid affecting the performance of the legacy SRS, for Rel.18 SRS1 with only CS hopping enabled, CS hopping range can only be set to {0, 2, 4, 6}. In that case, the CS hopping can only achieve the exchange of resource corresponding to the four ports of SRS1, the interference randomization of which is very limited. If only COH is enabled for the Rel.18 SRS1, the COH range can only be set to {0, 1}, the DoF of which is also quite limited. If the combination of CS hopping and COH is supported, SRS1 also has the opportunity to perform CS hopping on comb 1, which can more effectively utilize the resources and achieve better interference randomization effect.
Furthermore, CS hopping and COH have different advantageous scenarios. For example, CS hopping can effectively reduce the performance loss caused by inter-sequence interference, while COH can further obtain the randomization benefit in power domain. Supporting the combination of CS hopping and COH can simultaneously harvest the advantages of both.
[image: ]
Figure 13. Example of SRS resource allocation

Proposal 4: Support the combination of CS hopping and comb offset hopping for SRS interference randomization.

Common issues for CS hopping and comb offset hopping
· Hopping behavior within a slot
In last meeting, it has been agreed that for CS hopping/COH, the time-domain hopping behavior depends on at least the slot index  within a radio frame and OFDM symbol index , and select at least one of the following options:
· Option 1: Within a slot, hopping based on the repetition factor  and symbol index that is the same across the R repetitions.
· Option 2: Within a slot, hopping based on only the symbol index .
· Option 3: No intra-slot hopping.
By Option 2, the interference source across R repetitions can be changed. In that case, by coherent combining the R repetitions, the interference can be greatly whitened, which is more efficient than the non-coherent combining during PDP filtering across different SRS transmission occasions. So Option 2 is preferred. 
Also, in current spec., AP-SRS transmission can only be triggered per slot. Option 1 and 3 can provide trivial/no gain if only one-shot AP-SRS transmission is conducted. 
Proposal 5: Support Option 2, i.e., CS hopping and comb offset hopping is based on the symbol index  within a slot.

· Hopping behavior across slots
In current spec., group hopping uses same pseudo-random sequence section in each frame period, and the collision between SRS with same root sequence repeats periodically in every 20 slots (assuming 30kHz subcarrier space). For CS hopping and COH in R18, although the collision between SRS with same root sequence is not existed within a certain range (group hopping is disable), the randomization effect can be very limited or even inoperative if the pseudo-random sequence section is not determined by SFN. For example, for SRS period with 10 slots and R=1, only 2 SRS transmission occasions exist within a frame, which may provide poor randomization effect. And for SRS period with 20 slots or more, the randomization effect is totally disappeared. So we propose that the pseudo-random sequence section for CS hopping/COH should be determined according to the SFN.
Proposal 6: Support CS hopping and comb offset hopping based on the SFN.

3 SRS design for 8Tx UL MIMO
8Tx SRS pattern design
In last meeting, it has been agreed that for an 8-port SRS resource in a SRS resource set with usage ‘codebook’ or ‘antennaSwitching’ and resource mapping based on TDM onto m ≥ 2 adjacent OFDM symbols in a slot and with TDM factor s, the 8 ports are equally partitioned into s subsets with each subset having 8/s different ports. Regarding the TDM pattern on the m symbols, it has been agreed to select from one of the following options:
· Option 2-1: the s subsets of ports are mapped cyclically as {1, 2, …, s,1, 2, …, s} on the m OFDM symbols.
· Option 2-2: the s subsets of ports are mapped sequentially as {1, …, 1, 2, …, 2, s, …, s} on the m OFDM symbols.
One of the most fundamental issue is how to understand the ‘m’ in the agreement. In current spec, the total number of  and the repetition time R are configured for one SRS resource, and the intra-slot frequency hopping time is . In R18, TDM factor s would be additionally considered on top of the  and R. In our view, the ‘m’ is equal to , which means that the ‘m’ OFDM symbols only takes the TDM factor s and repetition time R into account, and in this case, intra-slot frequency hopping can be performed across different m symbols. 
According to the above understanding of ‘m’, Option 2-1 and Option 2-2 in the agreement actually discusses the mapping order of TDM and repetition. Option 2-2 can be better than Option 2-1 considering the performance for repetition. Specifically, the channel of each port can be easier to maintain the same across repetition with Option 2-2 than that with Option 2-1 under high Doppler scenario. 
Observation 5: Option 2-2 performs better under high Doppler scenario.
While Option 2-1 may have benefits considering the cases when only part of the SRS symbols are dropped. To be more specific, assuming that a full-coherent UE’s SRS is configured with s=2 and R=4, for Option 2-1, the mapping pattern for the 2 subsets of ports is {1,2,1,2,1,2,1,2}, and for Option 2-2, the mapping pattern is {1,1,1,1,2,2,2,2}. For the case that some SRS symbols in the central part of the pattern (e.g., the 4th and 5th symbol) are dropped, all of the symbols may be dropped for Option 2-2, while, for Option 2-1, the remaining part can still be utilized. 
Observation 6: Option 2-1 is more efficient when only part of the SRS symbols are dropped.
Another issue is whether to support s=4 in addition to s=2. For s=4, more power boosting gain can be derived compared with s=2. For example, for a UE with 8Tx full power mode 0, for s=2, only 3dB power boosting can be derived, while, for s=4, 3dB more power boosting gain can be derived. Note that, by performing frequency hopping for the additional 3dB gain, the length of SRS root sequence can be shortened to half, which may significantly increase the cross-correlation between different root sequences and cause more inter-sequence interference. Also, by performing repetition for the additional 3dB gain, 2 times resources would be costed. 
Proposal 7: Support s=4 in addition to s=2 for an 8-port SRS resource in a SRS resource set with usage ‘codebook’ or ‘antennaSwitching’. 
The preferred SRS transmission patterns under s symbols are listed as below:
For  with s=1, both 1 and 2 comb offsets have been supported. For s=2, considering the large delay spread scenario can already be well-handled by s=4 (2 ports per symbol), it seems that 1 comb offset (4 ports per comb) is enough. For s=4, to avoid over-scatter design, 1 comb offset (2 ports per comb) is preferred.
For  with s=1, 2 comb offsets (4 ports per comb) have been supported. Following the same principle as in , 1 comb offset for both s=2 (4 ports per comb) and s=4 (2 ports per comb) case should be supported. 
For  with s=1, 4 comb offsets (2 ports per comb) have been supported. To avoid over-scatter design, 2 comb offset for s=2 (2 ports per comb) and 1 comb offset for s=4 (2 ports per comb) case should be supported.
The mapping pattern for s=2 and s=4 case are shown in Figure 14. 
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(c) 
Figure 14. Illustration of mapping pattern for SRS with s>1

Proposal 8: Support mapping an 8-port SRS resource to the s OFDM symbols with following pattern:
· For  and , support 1 comb offset for s=2 or 4
· For , support 2 comb offsets for 2 symbols and 1 comb offset for s=4 

Port mapping 
In current spec., if the  can be divided evenly by the number of SRS ports within a SRS resource, the CSs for all of the ports should be equal-distantly distributed among the , otherwise, same CSs can be used for the SRS ports in different combs. Following the principle, the CSs of 8-port SRS resource can be determined as follows:
For  with 2 comb offsets, the CSs are {) mod ) mod  for the 1st comb offset and {) mod ) mod ) mod  for the 2nd comb offset, respectively.
For  with 2 comb offsets, the CSs are {) mod ) mod ) mod  for the both of the 2 comb offsets. 
For  with 4 comb offsets, the CSs are {) mod  for all of the 4 comb offsets.
Proposal 9: For an 8-port SRS resource, the CSs used for each comb offset can be determined following the current principle, i.e., if the  can be divided evenly by the number of SRS ports within a SRS resource, the CSs for all SRS ports should be equal-distantly distributed among the ; otherwise, same CSs are used for the SRS ports occupying different combs. 

Furthermore, the port mapping should be decided. For a partial coherent UE, the ports within the same coherent group should be mapped to same OFDM symbol if the number of ports within one OFDM symbol allows, otherwise, the ports within the same coherent group should be mapped to two adjacent OFDM symbols. In this case, the all of the ports within a coherent group can occupy same or adjacent symbols. 
Proposal 10: For a partial coherent UE, the ports within the same coherent group should be mapped to same OFDM symbol if the number of ports within one OFDM symbol allows, otherwise, the ports within the same coherent group should be mapped to two adjacent OFDM symbols.

Power control enhancement
Note that, supporting different ports mapped to more than one symbols can improve the transmission power per port. So, the power control mechanism should be enhanced. For example, the SRS transmission power  should be equally across the configured SRS ports within one OFDM symbol.

Proposal 11: Support power control enhancement when mapping an 8-port SRS resource to multiple symbols, e.g., the SRS transmission power  should be equally across the configured SRS ports within one OFDM symbol.

Dropping rules
In current spec, dropping mechanism for UL is defined to avoid the collision. In the case that SRS is fully/partially overlapped with other transmissions with higher priority (e.g., PUCCH transmission), only the SRS symbol(s) that overlap with other transmissions are dropped. In this way, for a TDMed 8-port SRS resource with antenna ports of each coherent antenna group mapped onto multiple SRS symbols, when SRS dropping occurs on part of the SRS symbols (i.e., partial SRS dropping), the estimated channels of the ports on the remaining SRS OFDM symbols is pointless, because the incomplete measurement results can not support the coherent transmission of the antenna group. A fundamental way to solve this issue is to always treat partial SRS dropping as full SRS dropping, i.e., dropping transmissions on all the SRS symbols of the SRS resource as long as SRS dropping occurs on any symbol of the SRS resource, and the PUSCH is associated with a previous successfully transmitted SRS resource based on existing spec. However, when SRS repetition with R>1 is configured, always full SRS dropping is rougher considering that part of the repetition transmissions can still be helpful to obtain the desired channel measurements. It will result in a huge waste of resources and limit the channel quality acquired for data transmission. For example, as shown in Figure 15, the ports of an 8-port SRS resource are equally partitioned into s=2 subsets and sequentially mapped to m=4 OFDM symbols with a repetition factor R=2. When SRS dropping occurs on the first symbol, channels of all the 8 ports can still be estimated based on the transmission on the remaining three symbols of the SRS resource. Under this circumstance, it is better to retain the transmission of the SRS resource rather than always treat partial SRS dropping as full SRS dropping, especially for R>1. To this end, it is prefer to carefully design the dropping rules to take full advantages of the non-overlapped SRS symbols. The detailed dropping rules for different scenarios should be discussed considering the SRS usage case, PUSCH codebook type, SRS repetition pattern and some other aspects.
[image: ]
Figure 15. Example of channel estimation with partial SRS dropping

Proposal 12: For the case that only part of the m OFDM symbols are overlapped with other high-priority transmissions, the dropping rule should be carefully designed, especially for R>1. 

4 Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]In this paper, SRS enhancement for CJT and 8Tx UL transmission is discussed. The following observations and proposals are made:
Observation 1: Both scenario A (independent SRS resource allocation by each TRP, SRS interference comes from sequence difference) and scenario B (joint orthogonal SRS resource allocation by coordinated TRPs, SRS interference comes from propagation delay difference) should be considered for SRS interference management enhancement targeting TDD CJT.
Observation 2: CS hopping with finer CS granularity can obtain more obvious gain under both scenario A and B. 
Observation 3: Considering the existence of legacy UE as well as the delay difference under scenario B, CS hopping should be able to limit the range.
Observation 4: Considering the existence of legacy UE, comb offset hopping should be able to limit the range.
Observation 5: Option 2-2 performs better under high Doppler scenario.
Observation 6: Option 2-1 is more efficient when only part of the SRS symbols are dropped.
Proposal 1: Support CS hopping with finer CS granularity, e.g., , where  can be randomly chosen from  at each SRS transmission.
Proposal 2: Support to limit the CS hopping range. 
· The SRS ports of a SRS resource occupying same comb offset should share same CS hopping range. 
Proposal 3: Support to limit the comb offset hopping range per port/port group.
Proposal 4: Support the combination of CS hopping and comb offset hopping for SRS interference randomization.
Proposal 5: Support Option 2, i.e., CS hopping and comb offset hopping is based on the symbol index  within a slot.
Proposal 6: Support CS hopping and comb offset hopping based on the SFN.
Proposal 7: Support s=4 in addition to s=2 for an 8-port SRS resource in a SRS resource set with usage ‘codebook’ or ‘antennaSwitching’. 
Proposal 8: Support mapping an 8-port SRS resource to the s OFDM symbols with following pattern:
· For  and , support 1 comb offset for s=2 or 4
· For , support 2 comb offsets for 2 symbols and 1 comb offset for s=4 
Proposal 9: For an 8-port SRS resource, the CSs used for each comb offset can be determined following the current principle, i.e., if the  can be divided evenly by the number of SRS ports within a SRS resource, the CSs for all SRS ports should be equal-distantly distributed among the ; otherwise, same CSs are used for the SRS ports occupying different combs. 
Proposal 10: For a partial coherent UE, the ports within the same coherent group should be mapped to same OFDM symbol if the number of ports within one OFDM symbol allows, otherwise, the ports within the same coherent group should be mapped to two adjacent OFDM symbols.
Proposal 11: Support power control enhancement when mapping an 8-port SRS resource to multiple symbols, e.g., the SRS transmission power  should be equally across the configured SRS ports within one OFDM symbol.
Proposal 12: For the case that only part of the m OFDM symbols are overlapped with other high-priority transmissions, the dropping rule should be carefully designed, especially for R>1. 

5 Appendix
Appendix A: Link level simulation parameters for SRS enhancement 
Table A1 Simulation assumptions of LLS for SRS enhancement
	Parameter
	Value

	Scenario
	CJT with N_TRP = 2

	Carrier frequency and subcarrier spacing
	3.5 GHz with 30 kHz SCS

	System bandwidth
	20MHz

	Channel model
	CDL-B with 300ns delay spread
Same propagation delays between UE and TRPs for Scenario A
Specific propagation delays between UE and TRPs for Scenario B
Ideal synchronization and backhaul among TRPs

	UE speed
	3km/h

	Antennas at UE
	4T4R

	Antennas at gNB
	64 ports: (8,8,2,1,1,4,8), (dH,dV) = (0.5, 0.8)λ

	Rank and MCS
	Fixed Rank 4 per UE, adaptive MCS

	Precoding granularity
	2 for DL, wideband for UL

	SRS configurations
	SRS periodicity = 20ms
SRS frequency hopping is disabled



Appendix B: NMSE definition
The NMSE is defined as:
,
where and are the estimated channel coefficient and ideal channel coefficient corresponding to SRS port p, TRP receiving antenna k and subcarrier s. 

Appendix C: Time domain filtering for SRS interference randomization
It is assumed that the periodic SRS is transmitted. For the SRS transmission occasion T (assuming one of the SRS ports received by one of the TRPs), the estimated frequency domain channel response after LS is expressed as , where K is the number of REs allocated by the SRS.
The time-domain joint filtering at SRS transmission occasion T is performed as follows,
1) Estimate time domain channel response for SRS transmission occasion T:

The PDP of  is，
.
2) Weighted sum of PDPs corresponding to historical measurement result and current measurement result to derive the filtered PDP in SRS transmission occasion T:
The PDP of historical measurement result,
.
 is the filtered PDP in SRS transmission occasion T-1. The filtered PDP in SRS transmission occasion T is, 

3) Perform channel estimation in delay domain based on . For example, the delay-domain filtering window is determined by .

Reference
[1] 3GPP RAN1#112, Chairman Notes.
[2] R1-2300097, SRS enhancement for TDD CJT and 8 TX operation in Rel-18,	Huawei, HiSilicon.
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