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1 [bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In last meeting, NR MIMO enhancements for Rel-18 related to the SRS enhancement is agreed to be specified [1]: 
	Agreement:
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


Also, in the last two meetings, for SRS enhancement for CJT, some agreements on simulation assumptions and several potential enhancement options were listed for further discussion have been achieved [2].
	Agreement
Study the following for SRS enhancement to manage inter-TRP cross-SRS interference targeting TDD CJT via SRS interference randomization and/or capacity enhancement
· Randomized frequency-domain resource mapping for SRS transmission
· E.g., further enhancements to frequency hopping, comb hopping
· Randomized code-domain resource mapping for SRS transmission
· E.g., cyclic shift hopping/randomization, sequence hopping/randomization, per-hop sequence from a long SRS sequence
· Randomized transmission of SRS
· E.g., pseudo-random muting of SRS transmission for periodic and semi-persistent SRS
· Per-TRP power control and/or power control of one SRS towards to multiple TRPs
· SRS TD OCC
· Increasing the maximum number of cyclic shifts 
· E.g., multiplying mask sequence to the legacy SRS sequence to effectively increase the maximum cyclic shifts
· Precoded SRS for DL CSI acquisition
· Enhanced signaling for flexible SRS transmission
· E.g., dynamic update of SRS parameters
· Partial frequency sounding extensions
· E.g., larger partial frequency sounding factor, starting RB location hopping enhancements, partial frequency hopping on other bandwidths corresponding to b , besides the last bandwidth
· Enhanced configuration of SRS transmission to enable more efficient SRS parameter assignment
· E.g., configuration of  (sequence index within a group) per SRS resource
· E.g., configuration of cyclic shift per SRS port per SRS resource.
· Resource mapping for SRS transmission based on network-provided parameters or system parameters
· E.g., SRS resource mapping based on network-provided parameters (e.g., configurable indexes) or system parameters (e.g., slot index)
Note: PAPR performance and maintaining DFT waveform property should be considered when deciding the enhancement for Rel-18.

Agreement
Consider the scenario where there exists SRSs sent by a UE and utilized by multiple TRPs for channel estimation, and the pathlosses between the UE and the TRPs differ by at least x dB in Rel-18 SRS study
· x can be {3,6,10}, and other values can be used.



For SRS enhancement for 8Tx uplink transmission, agreements for some detailed 8Tx SRS configurations are achieved [1].
	
Agreement:
For 8 Tx SRS, at least support
· 8 ports in 1 SRS resource for ‘antennaSwitching’;
· FFS 8 ports in one or multiple SRS resources for ‘codebook’ 
Above does not imply support for 8 ports in one or multiple OFDM symbols

Agreement:
For the maximum number of SRS resource sets for SRS with 8T8R with ‘antennaSwitching’, keep the existing value of the maximum number of SRS resource sets (as provided in Rel-17 antenna switching nTnR).

Agreement
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.
Agreement
For SRS resource set(s) with usage ‘nonCodebook’ support 8 1-port SRS resources in one or multiple OFDM symbols. 
· Note: The maximum number of simultaneous SRS resources is determined via UE-capability signalling.



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

2 SRS interference management for CJT
Scenario and simulation setup
For simulation and analyses in this contribution, the SRS measurement hypothesis mainly contains following aspects: 
Only one SRS resource set for DL CSI per UE is allocated by the serving cell. 
The CJT scenario calls for more SRS resources due to the following reasons:
· CJT has higher requirements on CSI precision. Sufficient SRS density in both frequency and time domain are required to guarantee the CSI precision. Low density in frequency domain will lead to poor SRS channel estimation accuracy, while low density in time domain will bring channel aging problem. Some simulations have shown the performance loss due to channel aging problem in [3].
· CJT is mainly used to improve the user experience at the cell edge. Considering the coverage requirement, SRS repetition may be used, the resource consumption of which is multiplied. 
Due to the higher resource requirement, the SRS resource under CJT scenario is more limited. As a result, it is assumed that the serving TRP only allocates one SRS resource set for DL CSI to a served UE. As shown in Figure 1, it is assumed that TRP1 is the serving TRP of UE1 and TRP2 is the serving TRP of UE2 as well as the coordinated TRP of UE1. The SRS1 is allocated by TRP1 and the SRS2 is allocated by TRP2. There exists certain probability that the SRS1 and SRS2 occupy the same physical resource (in terms of time, frequency).
SRS power control is performed by the serving cell. 
It is also assumed that the PL RS of serving TRP is used for the SRS power control. Using the PL RS of the coordinated TRP to improve the SRS power may be an inefficient way. For example, as shown in Figure 1, PL RS from TRP2 can be used for the power control of SRS1. Since SRS3 is transmitted by UE3 that served by TRP3 and coordinated by TRP1, increasing the transmission power of SRS1 will cause stronger interference to SRS3. Furthermore, as UE1 is cell-edge UE, the power may already reach Pcmax and there is no room for further power promotion. 
Based on the proposed SRS measurement hypothesis, there exists certain probability that the SRS resources allocated to UE1 and UE2 served by different TRPs occupy the same physical resource. Considering the distance difference between UE1 and UE2, from the view of TRP2, SRS2 may cause pretty large interference to SRS1. 
[image: ]
Figure 1. Illustration of SRS interference issue for CJT scenario
The simulation modelling of LLS is conducted based on the above analysis. As shown in Figure 2, it is assumed that TRP1 is the serving TRP of target UE and TRP2 is the coordinated TRP of target UE as well as the serving TRP of interference UE. Both SRS1 and SRS2 can be received by TRP1 and TRP2. The SRS1 and SRS2 may occupy the same physical resource (in terms of time and frequency).
In order to describe the SRS interference in CJT scenario more accurately, parameter  and  shown in Figure 2 need to be adopted cautiously. During last 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 can also be utilized to describe the receiving power difference of a same SRS between serving TRP and coordinated TRP(s). In terms of the , it describes the receiving power difference at coordinated TRP(s) between the SRS sent by target UE and interference UE (i.e., SIR of SRS1 at TRP2), where and are the SRS transmission power of target UE and interference UE. The elaboration of the relationship between  and  is shown in the Appendix A. Based on the analyses,  can be chosen from {-3, -6, -9}dB when  is set to -3dB;  can be chosen from {-6, -9, -12}dB when  is set to -6dB and  can be chosen from {-10, -13, -16}dB when  is set to -10dB.
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Figure 2. Illustration of SRS modelling under CJT scenario for LLS
Without loss of generality, only the performance of target UE(s) is evaluated. Therefore, only the target UE(s) and the interference UE(s) occupying the same physical resource (in terms of time and frequency, different root sequences are assumed) are modeled. 
During the simulations, the NMSE and throughput are adopted as two main performance metric. 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. 
In the following part, we will discuss candidate solutions for SRS enhancement and provide simulation based on the scenario and simulation setup shown in this section. 

SRS interference randomization
As discussed in [3], one of the most straightforward directions to manage inter-TRP cross-SRS interference is interference randomization. In current NR spec, some methods have already been supported to randomize the SRS interference, i.e., group hopping and sequence hopping. However, these two methods have limited interference randomization effect under CJT scenario. 
[bookmark: OLE_LINK6]For the group hopping, there are only 30 sequence groups in total and every UE will select one of the sequence groups per SRS transmission. It is possible that the same group is used in both the serving TRP and a neighbor TRP at same time, which will cause serious interference. The collision probability is analyzed in a typical network as shown in Figure 3, where TRP 0 is considered as the serving TRP of the target UE and the neighboring 6 TRPs are considered as the TRPs whose UE may cause strong SRS interference to the target UE. 
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Figure 3. Illustration of SRS sequence group collision in network @ TRP 0
The sequence group collision probability between the serving TRP and neighboring TRPs is given in Table 1. When the same sequence group is used for serving TRP and at least one neighboring TRP in at least one symbol of SRS transmission, it is counted as a collision. It can be observed that the collision probability increases with the increase of the number of neighboring TRPs, which is up to 18.41%. Considering the SRS repetition, the collision probability is further increased, which is up to 55.68% for 4-time repetition. 
Table 1. Collision probability of sequence group for group hopping in current spec
	Total number of neighboring TRPs 
	1
	2
	3
	4
	5
	6

	No repetition
	3.33%
	6.56%
	9.67%
	12.68%
	15.59%
	18.41%

	2-time repetition
	6.56%
	12.68%
	18.41%
	23.75%
	28.75%
	33.42%

	4-time repetition
	12.68%
	23.75%
	33.42%
	41.87%
	49.24%
	55.68%



Note that, the collision may cause much stronger interference under CJT scenario. As shown in Figure 1, if SRS1 and SRS2 use the same sequence group, SRS2 will cause a very strong interference to SRS1 at TRP2, which will bring disastrous influence to the channel estimation performance of the target UE at TRP2. 
For the sequence hopping, different TRPs can always use different sequence groups, every UE randomly selects one sequence from the sequence group per slot per symbol to obtain the interference randomization effect. However, since a sequence group only contains two sequences, the interference cannot be randomized well, especially for the case where repetition factor is large. For example, as shown in Figure 4, sequence group A and sequence group B are used for UE1 from TRP1 and UE2 from TRP2 respectively. The same level of interference happens in Symbol#1 and Symbol#4 for both UEs. Such mechanism cannot provide much performance gain under CJT scenario with relatively large interference. 
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[bookmark: _Ref54208475]Figure 4. Illustration of SRS sequence hopping during SRS transmission
Also, the two schemes in current Spec. have some restrictions, which would further limit the effect for interference randomization. In current Spec., the following functions are used to determine the sequence group ID and the sequence ID: 
· When group hopping is enabled: 


· When sequence hopping is enabled: 


[bookmark: OLE_LINK2]It can be seen that  is used for generating the pseudo-random sequence, which means that same hopping pattern of group IDs / sequence IDs would be used in each frame. As shown in Figure 5, when the SRS period is equal to or larger than 20 slots ( is assumed) and one symbol is used per SRS transmission occasion, same  would be used in each transmission, and no sequence group ID (root ID) / sequence ID hopping is actually performed. Furthermore, the effect of interference randomization is impact by the SRS period. For example, in Figure 5, only 2 candidate root IDs are used and DoF is quite limited. 
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Figure 5. Illustration of SRS group hopping in current Spec.
From the above analysis, it can be seen that neither the group hopping nor the sequence hopping is sufficient to randomize the interference under CJT scenario. 
Observation 1: Sequence hopping and group hopping are not sufficient to randomize the interference. 
During last meeting, the following candidate schemes of SRS interference randomization are agreed to be further studied:
· 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
· Partial frequency sounding extensions, e.g., starting RB location hopping enhancements
· Randomized transmission of SRS, e.g., pseudo-random muting of SRS transmission for periodic and semi-persistent SRS
All these schemes share similar benefit source, that is utilizing the degrees of freedom (DoF) in a certain domain to change the relative relationship between target SRS and interference SRS among different SRS transmissions, and conducting joint filtering to obtain the randomization effect. More specifically, frequency hopping enhancement, comb hopping as well as starting RB location hopping enhancement utilizes the DoF in frequency domain; cyclic shift hopping/randomization, sequence hopping/randomization as well as per-hop sequence from a long SRS sequence utilizes the DoF in code domain and pseudo-random muting of SRS transmission utilizes the DoF in time domain. 
In the following part, we will discuss candidate solutions for interference randomization. 

CS hopping/randomization
CS hopping/randomization is a potential code domain randomization scheme that should be considered. As shown in Figure 6, the CS value used for SRS1 and SRS2 hops/randomizes in different SRS transmissions. By this means, SRS2 will cause different interference levels to SRS1 at the TRP2 side in different SRS transmissions. As discussed above, if proper time domain filtering is performed, the interference can be whitened to a large extent. 
[image: ]
Figure 6. Illustration of CS hopping/randomization
To compare the performance of CS hopping and the group/sequence hopping, the assumptions used are given below. During the simulation, , , UL SNR=0dB and SRS period is set to 10 slots. The SRSs of two 4T4R target UEs take up 8 CS on a comb, while that of two 4T4R interference UEs take up 8 CS in the same comb. 
As shown in Figure 8, compared with group hopping/sequence hopping in current Spec., CS hopping can bring apparent performance gain (0.5~3dB). Obviously, group hopping leads to serious performance loss (even worse than the baseline) when collision happens. That is because current group hopping uses same pseudo-random sequence section in each frame period as shown in Figure 7(1), and the collision repeats periodically in every 20 slots as shown in Figure 7(2). Besides, even for the case without collision, considering that the number of SRS transmission occasion is limited in a frame, the randomization effect provided by group hopping is not so desirable. 
[image: ]
Figure 7. Illustration of group hopping in current Spec.
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Figure 8. NMSE of CS hopping and current group/sequence hopping schemes

In last meeting, some potential enhancements are proposed by companies. One example is to perform group hopping together with sequence hopping (group hopping + sequence hopping), and another example is to break the periodicity of group hopping (advanced group hopping). In Figure 9 and 10, compared with the potential enhancements, obvious performance gain can still be derived by CS hopping. Although advanced group hopping can get better randomization, considering that the collision is unavoidable when the periodicity of group hopping is broken, the performance is pretty worse than CS hopping (>20% in Figure 10). It can be proved in Figure 9 that there exists non-negligible ratio of the extremely large NMSE values for the advanced group hopping, and the tailing phenomenon influences the overall performance significantly. Although group hopping + sequence hopping could reduce the ratio of collision to some degree, due to the limited number of candidate sequences, CS hopping can still get substantial performance gain (~11% in Figure 10). 
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Figure 9. NMSE of CS hopping and current schemes with enhancement
[image: ]
Figure 10. Throughput performance of CS hopping and existing schemes
Observation 2: CS hopping can achieve substantial performance gain compared with the enhanced group hopping mechanism and group hopping + sequence hopping mechanism.

[bookmark: OLE_LINK8]The most straightforward way for CS hopping is to randomize CS values from  in different SRS transmissions in time domain. For example, the cyclic shift for SRS can be generated by , where  can be generated by pseudo-random sequence similar to current group hopping/sequence hopping.
To achieve better randomization effect, e.g., provide more DoF in code domain, the CS value from  should be considered where K can be an integer larger than 1. For example, , where  can be generated by pseudo-random sequence. 
The NMSE performance of CS hopping mechanism under different K is provided in Figure 11. Different cases correspond to different pairs of root sequences (i.e., different cross-correlation between root sequences). As can be seen that, CS hopping with K larger than 1 can have non-negligible benefits than that with K equal to 1. In Case (a), more than 13% performance gain can be seen for the case with K > 2 compared with K = 1. In Case (b), K = 2 and K = 4 can provide about 5% and 11% performance gain compared with K = 1, respectively. 
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Case (a)
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Case (b)
Figure 11. NMSE and throughput performance of CS hopping under different K
Observation 3: CS hopping with finer hopping/randomization granularity (i.e., K > 1) can bring significant performance benefit.
Proposal 1: CS hopping/randomization for interference randomization should be supported in R18 and finer hopping/randomization granularity should be considered. 

Sequence aggregation
Sequence aggregation is another potential code domain randomization scheme that can be considered. In current spec, when frequency hopping is enabled, the SRS root sequence is generated according to the number of REs per hop as shown in Figure 12. However, when the number of REs per hop is relatively small, the cross-correlation between different root sequences is relatively high, which will lead to severe interference. Based on the phenomenon mentioned above, a straightforward enhancement is to generate the SRS root sequence according to the total number of REs across hops within a frequency hopping period. Accompanied by joint channel estimation, the lower cross-correlation of longer SRS root sequence in Figure 13 can be fully utilized and better performance can be expected. 
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Figure 12. Illustration of sequence aggregation
[image: ]
[bookmark: OLE_LINK1]Figure 13. CDF of cross-correlation between SRS root sequences under different length
In sequence aggregation, the sequence used per hop is the sequence truncated from a long ZC sequence, the length of which is determined by the number of total SRS bandwidth. Note that, the low PAPR property of ZC sequence can no longer be guaranteed in this way, which is reflected in Figure 14. The SRS bandwidth in Figure 14 occupies 576 REs, “Legacy ZC” means that the sequence per hop is 144-length ZC, and “Truncated ZC” means that the sequence per hop is truncated from 576-length ZC. Figure 14 shows that truncated ZC will suffer 1.2 dB PAPR increase compared with the legacy ZC, which may impact the maximum transmission power of UE. 
After taking the transmission power fallback caused by PAPR increase into consideration, more than 8% performance gain can still be obtained as shown in Figure 15, which verifies the interference randomization effect of SRS aggregation adequately. 
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Figure 14. PAPR performance of sequence aggregation
[image: ]
Figure 15. Throughput performance of sequence aggregation

Observation 4: Sequence aggregation can still obtain obvious performance gain after considering the PAPR increase.
Proposal 2: Sequence aggregation for interference randomization could be supported in R18. 

Frequency domain randomization
[bookmark: OLE_LINK7]For frequency domain randomization, significant benefit may only be expected when the frequency domain resource utilization rate is relatively low, which is hard to be guaranteed considering the scarcity of SRS resource. 
One possible example is comb offset hopping. The comb offset in different SRS transmission in time domain can be determined by pseudo-random sequence similar to CS hopping. As can be seen in Figure 16, assuming that SRS 1-3 use three different root sequences, the interference suffered by the three UEs’ SRS can be randomized via comb offset hopping. Considering the limited , the randomization effect may not be as good as code domain randomization. 
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Figure 16. Illustration of comb offset hopping
Another example is starting RB location randomization for partial frequency sounding. In R17, the starting RB is hopping among different frequency hopping period according a configured pattern. In R18, the starting RB location can be further randomized in different frequency hopping period. For example, in Figure 17, similar as comb offset hopping, the interference can also be randomized. Still, considering the limited PF factor, the randomization effect may not be as good as code domain randomization. 
[image: ]
Figure 17. Illustration of starting RB location randomization in partial sounding

Observation 5: Comb offset randomization and starting RB location randomization can be considered for interference randomization. 

Time domain randomization
For time domain randomization, significant benefit may only be expected when the time domain resource utilization rate is relatively low, which is hard to be guaranteed considering the scarcity of SRS resource. 
One possible example is to randomize the slots used for SRS transmission. For example, as shown in Figure 18, the expected SRS period is 10 slots, while the SRS period can be configured to 5 slots. Then, one of two SRS opportunities within each period of 10 slots can be randomly utilized. The SRS overhead can be maintained the same as legacy periodical SRS. 
The basic principle of randomization in any domain should be balancing the performance and avoiding the “worst” case. However, although the exemplary time domain randomization can avoid the “worst” interference case, it will simultaneously enlarge the SRS delay (the gap between SRS transmission and data) range experienced by SRS transmissions and consequently deteriorate the “worst” delay case, which to some degree violates the basic principle of randomization and should be carefully treated. Specifically, compared with the legacy periodical SRS, the longest SRS delay of which is 9 slots, the exemplary time domain randomization can have SRS delay up to 19 slots. The influence of the “worst” case may become more severe under some application scenarios such as XR (eXtended Reality) and CG (Cloud Gaming) with minimum QoS requirement. Furthermore, considering the limited opportunities, the randomization effect may not be as good as code domain randomization.
[image: ]
Figure 18. Illustration of the worst case of Legacy SRS and time randomization SRS
Observation 6: The time domain randomization deteriorates the “worst” delay case and to some degree violates the basic principle of randomization, thus should be carefully treated.

SRS capacity enhancement
During last meeting, the following candidate schemes of SRS capacity enhancement are agreed to be further studied:
· 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
· Partial frequency sounding extensions, e.g., larger partial frequency sounding factor
All these schemes shares similar benefit source, that is conducting multiplexing in a certain domain to increase the number of concurrent SRS transmissions without introducing additional overhead. With increased capacity, TRPs have the potential to jointly perform orthogonal SRS resource allocation for UEs, by which means the inter-TRP cross-SRS interference can be avoided/alleviated. More specifically, TD OCC conducts time domain complexing; increasing the maximum number of cyclic shifts conducts code domain complexing; precoded SRS conducts spatial domain multiplexing and partial frequency sounding extensions conducts frequency domain multiplexing. However, for TD OCC, the maximum capacity is not really increased and the multiplexing between different repetition factors should be considered; for partial frequency sounding extensions, the SRS density in frequency domain is further reduced and the CSI precision cannot be guaranteed, which is unacceptable under CJT scenario. As a result, following sections mainly focus on precoded SRS and the schemes of increasing the maximum number of cyclic shifts.

Precoded SRS
In current spec, the number of SRS ports required for DL CSI acquisition is the same as the number of UE receiving antennas. Precoded SRS is an effective solution to reduce the number of required SRS ports to the number of PDSCH layers. Meanwhile, the gNB can still obtain relatively accurate downlink precoding matrix based on the effective channel measured by SRS channel estimation. Under the MU-MIMO scenario, which is the target scenario for CJT, the PDSCH layer number is mainly 1 or 2, so the SRS port number for a 4R/8R UE can be reduced from 4 or 8 to 1 or 2.
More specifically, The UE will calculate the  SRS precoding matrix  based on the DL channel matrix , which can be obtained through CSI-RS based channel estimation, and send the rank-port precoded SRS to the gNB.  is the number of UE transmit antennas. The gNB will conduct SRS channel estimation to obtain the effective UL channel as 

Then, based on the reciprocity, the effective DL channel can be expressed as 
.                        (1)
The gNB may further calculate the PDSCH precoding matrix based on the effective DL channel,
,                          (2)
where  is the right eigenvectors corresponding to the strongest rank eigenvalues of the effective DL channel matrix  
Without loss of generality, taking the 4T4R and 2T4R antenna switching as an example, the following describes the method of obtaining SRS precoding matrix .
· For 4T4R antenna switching
The SRS precoding matrix  can be designed as 
,                           (3)
where  is the left eigenvectors corresponding to the strongest rank eigenvalues of the DL channel matrix . Based on Equation (1), the effective DL channel can be expressed as: 
,
where  is the right eigenvectors corresponding to the strongest rank eigenvalues of the DL channel matrix . It can be observed that the estimation result of  can be obtained by appropriate vector normalization or SVD decomposition of the equivalent DL channel obtained by precoded SRS.
· For 2T4R antenna switching
For 2T4R SRS antenna switching, four UE antennas are divided into two antenna groups. Accordingly, the downlink channel matrix can be divided into two sub-matrices
,
where is the DL channel submatrix corresponding to the ith antenna group (). The two antenna groups are measured through two 2-port SRS resources in current Spec., while precoded SRS only requires two 1-port SRS resources to complete DL CSI acquisition. 
Take rank = 2 as an example, for the ith antenna group, the  SRS precoding matrix  can be designed as
,                (4)
where the vector  is the right eigenvector corresponding to the ith strongest eigenvalue of the DL channel matrix . In more detail, the SVD decomposition of  can be expressed as

where is the left eigenvector corresponding to the jth strongest eigenvalue of the DL channel matrix , and  are the sub-vectors comprising of the first and second half elements of  respectively. 
For the ith antenna group,  in Equation (4) can be expressed as
      (5)
Then the effective DL channel can be expressed as:
                 (6)
Take the first antenna group as an example, based on Equation (5) and (6), 
         (7)
Considering that the energy of the channel is concentrated on the front rank sub-channels, that is, , (k=2, 3, 4). As a result, we can obtain the estimation result of the strongest eigenvector of the downlink channel matrix based on the effective DL channel submatrix  corresponding to the first antenna group. The  can be obtained in similar way.
The performance of precoded SRS and legacy SRS are evaluated in LLS. In the simulation, 2UE MU-MIMO with rank=2 per UE is assumed. 
For 4T4R antenna switching, the simulation uses the comb 2 CS 8 configuration. It is assumed that SRS ports of four UEs occupy the same comb. For legacy SRS, the 4 SRS ports of both target UE 1 and interference UE 1 take up CS {0, 2, 4, 6} (utilizing different SRS root sequence), while both the 4 SRS ports of both target UE 2 and interference UE 2 take up CS {1, 3, 5, 7} (utilizing different SRS root sequence). For precoded SRS, since only 2 SRS port is required for each UE, four UEs can be jointly allocated orthogonal SRS resources to avoid/alleviate the inter-TRP cross-SRS interference. More specifically, the 2 SRS ports of four UEs take up CS {0, 4}, {1, 5}, {2, 6} and {3, 7} (utilizing same SRS root sequence) respectively. The wideband precoder based on Equation (1) is used for SRS transmission. 
For 2T4R antenna switching, the similar modeling methods are adopted. For legacy SRS, the 2 SRS port of both target UE 1 and interference UE 1 take up CS {0, 4} of two symbols, while the 2 SRS port of both target UE 2 and interference UE 2 take up CS {2, 6} of two symbols. For precoded SRS, since only 1 SRS port is required for each UE per symbol, the 1 SRS port of four UEs take up CS {0}, {2}, {4} and {6}, respectively.
Figure 19 shows the CDF of correlation factor between ideal DL precoding matrix and the DL precoding matrix obtained by SRS. To evaluate the accuracy of DL precoding matrix, the correlation factor for the jth layer of ith UE is defined as:
,
where  and  are the DL precoder obtained by estimated channel based on SRS  and ideal DL channel.
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(1) For 4T4R
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(2) For 2T4R
Figure 19. CDF of correlation factor between ideal DL precoding matrix and the DL precoding matrix obtained by SRS
It can be observed that owing to the overhead reduction and joint resource allocation, the correlation factor between ideal DL precoding matrix and the DL precoding matrix obtained by precoded SRS is higher than that between ideal DL precoding matrix and the DL precoding matrix obtained by legacy SRS. Although the wideband precoder may cause some performance loss under relatively high DS (300ns), high DL CSI accuracy (the probability of correlation factor being larger than 0.9 exceeds ??%) can still be ensured for 4T4R antenna switching. For 2T4R antenna switching, although the accuracy of the obtained downlink precoding matrix slightly deteriorates compared with that of 4T4R, the probability of correlation factors being larger than 0.9 still exceeds ??%. This means , the precoded SRS is still an promising method of obtaining DL CSI with lower overhead for xTyR (x<y) antenna switching.
The throughput performance of precoded SRS with 4T4R antenna switching is provided in Figure 20. More than 40% throughput benefits proves that both overhead reduction and high-accuracy CSI acquisition can be achieved through precoded SRS.
 [image: ]
Figure 20. Throughput performance of precoded SRS and legacy SRS
Observation 7: Compared with legacy SRS, the precoded SRS can bring significant throughput benefits. 
It should be emphasized that in practical system, it is common to calculate the DL SU precoder based on the strongest rank eigenvectors of the DL channel rather than complete DL channel considering the computational complexity and limited storage. For the DL MU precoder, eigenvector-based zero-forcing can also achieve good performance and is widely used. Furthermore, the high-resolution PMI for FDD systems supported in current Spec. is also based on the quantization of the eigenvectors of downlink channel, rather than that of the complete DL channel. If it is necessary to further obtain the complete DL channel matrix to support more advanced signal processing, the feedback of SRS precoding matrix to gNB can also be further studied.
Observation 8: The eigenvector-based DL SU/MU precoder calculation is widely used in practical system. 
Considering that CSI-RS resources are often configured for DL channel measurement to obtain more accurate CQI information in practical TDD systems due to UE’s better knowledge of DL interference and noise, precoded SRS will not incur additional CSI-RS overhead.
Observation 9: The CSI-RS resources are often configured in practical TDD system, which can be reused for precoded SRS.
Based on the analysis and simulation above, we have the following proposal:
Proposal 3: Precoded SRS should be supported for capacity enhancement in R18. 

SRSs with increased maximum number of cyclic shifts
For a given SRS bandwidth consisting of  consecutive subcarriers, the legacy  comb based SRS construction with a maximum number of cyclic shifts  can accommodate a total of  SRS ports with zero correlation zone (ZCZ) of length . When these SRSs are transmitted concurrently with proper timing advance (TA) adjustment over channels whose maximum delay  is no larger than this ZCZ length, the channel impulse response (CIR) of each SRS can be estimated by the TRP using the conventional matched filtering + windowing based method. The length of detection window  can be selected to satisfy , such that the CIRs of the desired SRS and interfering SRSs can completely fall, respectively, inside and outside the detection window after matched filtering. By this means, intra-cell interference can be perfectly avoided. An illustration of the matched filtering output under this scenario is given in Figure 21 (a). 
According to the agreement in last meeting, if the SRS capacity is enhanced by directly increasing the maximum number of cyclic shifts , e.g., by  times, the ZCZ length will also be reduced by  times, which may become shorter than . Consequently, when multiple SRSs are transmitted concurrently, the orthogonality can no longer be maintained even with perfect TA adjustment, and intra-TRP cross-SRS interference will occur. In this case, the detection window length  has to be shortened to be no larger than the length of reduced ZCZ, so as to avoid including the head of the CIR experienced by an interfering SRS taking up the next adjacent cyclic shift. The consequence of the reduced  is two-fold: first, the tail of the CIR experienced by the desired SRS will fall out of the detection window and not estimated, i.e., a distortion will occur during the channel estimation of desired SRS; second, the tail of the CIR experienced by another interfering SRS taking up the previous adjacent cyclic shift will fall into the detection window and cause interference.


 
(a)                                       (b)


 
(c)                                         (d)
Figure 21. Illustrations of the matched filtering outputs
The above discussion can be better understood by the following example. Consider the legacy  comb based SRS construction with a maximum number of cyclic shifts  over SRS frequency bandwidth of  consecutive subcarriers, a total of  SRS ports are supported with a ZCZ of length . When these SRSs are transmitted over a channel generated based on the agreed CDL-C channel model with 300ns desired delay spread and 30 kHz subcarrier spacing, the corresponding  is about , which is already 24.6% larger than the ZCZ length, i.e., the intra-TRP cross-SRS interference already exists, although such interference is low due to the marginal channel power carried by the last quarter of CIR. An illustration of the matched filtering output for this scenario is given in Figure 21 (b).
Taking the above example as baseline, if we further increase the maximum number of cyclic shifts by  times, i.e., to , the corresponding ZCZ length will be reduced to , and the  will be 149.2% larger than the ZCZ length, i.e., about 60% of the CIR of the desired SRS will fall out of the detection time window, while the 40% to 80% of the CIR of an interfering SRS taking up the previous adjacent cyclic shift will fall into the detection time window. This causes severe interference as a channel path experienced by the interference SRS falling into the detection time window will be falsely detected as a channel path experienced by the target SRS. An illustration of the matched filtering output under this scenario is given in Figure 21 (c). 
The channel estimation accuracy degradation caused by directly increasing the maximum number of cyclic shifts can be even more significant at the coordinate TRP when the arrival time difference between different SRSs is taken into account. Conventionally, TA mechanism is adopted by the serving TRP to guarantee the arrival time of concurrently transmitted SRSs being aligned at the serving TRP. This TA mechanism will inevitably cause arrival time difference at a coordinate TRP. For example, under the inter-site distance of 300 meters, assuming that both UE1 (locating at the center of cell 1) and UE2 (locating at the boundary of cells 1 & 2) are CJT users served by TRP1 (serving TRP) and TRP2 (coordinated TRP), then UE2’s SRS needs to be transmitted earlier than UE1’s SRS by about  second so as to align their arrival time at the serving TRP. On the other hand, since UE1 is farther from the coordinated TRP than UE2 by 150 meters, its propagation time to arrive at the coordinated TRP is longer than that of UE2 by about  second. Combining these two factors, the arrival time difference between UE1 and UE2’s SRSs at the coordinated TRP will accumulate to  second, which corresponds to about  samples, i.e., approximately equals to the reduced ZCZ length of . When the SRSs transmitted by UE1 and UE2 take up adjacent cyclic shifts, such a large arrival time difference at the coordinated TRP will lead to even severer false channel path detection problem as shown in Figure 21 (d).
Observation 10: Increasing the maximum number of cyclic shifts will introduce severe intra-cell cross-SRS interference, especially at the coordinated TRP due to arrival time difference. 
As discussed above, the feature of directly increasing the maximum number of cyclic shifts is to maintain the ZCZ property but with a reduced ZCZ length. However, the reduced ZCZ length can no longer maintain the mutual orthogonality among the SRSs, i.e., the intra-TRP cross-SRS interference will be introduced. Considering that the introduction of intra-TRP cross-SRS interference is inevitable when the SRS capacity is enhanced, a potential solution is to give up the ZCZ property among the SRSs and instead try to maintain a low correlation among the SRSs. For example, given the  legacy SRS sequences constructed as 

where  is the -th () base sequence in the -th () sequence group, we can increase the SRS capacity by  times by multiplying the legacy SRS sequences with  different mask sequences to obtain

where the first mask sequence  can be selected as an all “1” sequence to keep backwards compatibility with the legacy SRSs, and the other  mask sequences can be selected as different sequences with low periodic auto/cross-correlation. By this means, they together can increase the SRS capacity by  times with the following properties: 
· All the SRSs with a same mask sequence can maintain a same ZCZ length as that among all the legacy SRSs, due to the common mask sequence used by them;
· Two SRSs with different mask sequences do not maintain any ZCZ property between them. Instead, by proper mask sequence selection, the amplitudes of their periodic cross correlation function can be kept low at all cyclically delay offsets, which implies a low interference between them.
Consequently, all the  generated SRSs in each comb can maintain a low correlation zone (LCZ) among each other, whose length is the same as the ZCZ length among legacy SRSs. This alleviate the severe interference between two SRSs with adjacent cyclic shifts constructed by directly increasing the maximum number of cyclic shifts by reducing the probability of false channel path detection. The generated SRSs are referred to as mask based SRSs. 
To evaluate the performance of the mask based SRSs, we take the legacy SRS with  combs and  cyclic shifts over a frequency band of 48 PRBs (i.e., ) and 30 kHz subcarrier spacing as baseline, where the SRS sequence length is . We enhance the SRS capacity by  times using a mask sequence (besides an all “1” mask sequence), where the following two mask sequence selection methods are considered: in the first method (M1), the mask sequence is selected to be a length-283 ZC sequences that is cyclically extended to length 288; and in the second method (M2), the mask sequence is selected to be a length-139 ZC sequence that is cyclically extended to length 144 and then repeated two times to reach length 288. The former can leads to lowest periodic cross correlations, but has the risk that the resultant sequence  is identical to another root sequence defined in the standard and used by an adjacent cell. While the latter can avoid this risk at the cost of slightly increased cross correlation.
In Figure 22, we compare the PAPR CCDF of the legacy and mask based SRSs, where all the 60 root sequences defined in the standard are considered, and the ZC roots of the mask sequences are properly selected to achieve a low PAPR. It can be seen that by using mask sequence to increase the SRS capacity, it doesn’t necessarily increase the PAPR of the generated additional SRSs. Instead, lower PAPR than that of the legacy SRSs can be achieved.
[image: ]
Figure 22. CCDF of the PAPR of the legacy NR SRSs and the mask based SRSs. 
Observation 11: Multiplying the legacy SRS sequence with properly selected mask sequence can achieve lower PAPR. 
In Figure 23, we plot the periodic cross correlation of the mask based SRSs in one cell. It can be seen that the periodic cross correlation between SRSs with different mask sequences are lower than 0.1 when the mask sequence is selected using the first method (M1), while that using the second method (M2) are slightly higher, but are still very low.
[image: ]
(a)
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(b)
Figure 23. The normalized periodic auto/cross-correlation of the SRSs with mask sequences.

Then we consider a -cell system with a 16T16R TRP per cell and 8 4T4R UEs served per TRP. The channel between each UE and TRP is generated based on CDL-C channel model with 300ns desired delay spread, and the cross-TRP path loss difference is set at dB. In addition, we assume 2 SRS OFDM symbols per SRS period. For the baseline scheme with  combs and  cyclic shifts, at most 4 concurrent UEs per cell can be supported, and so the 8 UEs in each cell are divided into 2 groups with each group transmitting SRSs in a distinct OFDM symbol. For the mask based SRS scheme and increasing CS based SRS scheme, we assume that all the 8 UEs in each of the 2 cells can transmit their SRS in a separate OFDM symbol, such that the inter-TRP cross-SRS interference is avoided. Furthermore, we assume that the SRSs of all concurrent UEs in each cell are timing aligned at their serving TRP, while their arrival times at the other TRP are independent and randomly distributed within the interval  second (corresponding to 300 inter-site distance). In Figure 24, we plot the joint NMSE performance of the two TRPs achieved by different SRS schemes. From Figure 24 we can see that the mask based SRSs can achieve lower NMSE than the increasing CS based SRSs under different mask sequence selection methods.
[image: ]
Figure 24. NMSE performance of different SRS schemes achieved in a 2-cell system, where the UL SRS SNR is set at 0 dB.
Observation 12: Mask based SRSs can achieve significant NMSE benefit over the legacy SRSs under different mask sequence selection methods. 
Based on the analysis and simulation above, we have the following proposal:
Proposal 4: Support mask based SRS for SRS capacity enhancement for R18.

3 SRS design for 8Tx UL MIMO
Based on the previous agreement, there are some open issues to be decided in this meeting: 
· Whether to support 8 ports in one or multiple OFDM symbols
In last meeting, 8 SRS ports can be configured within one or multiple OFDM symbols for NCB according to the UE capability. The following part mainly focus on whether to support 8 ports in one or multiple OFDM symbols for CB. In current spec, the SRS ports for 2/4 Tx CB based UL MIMO are distributed within one OFDM symbol. There are two potential benefits of supporting 8 SRS ports in multiple OFDM symbols. One is that power boosting can be performed. Distributing 8 SRS ports within multiple OFDM symbol can obtain per-port power lifting compared with current one-symbol mapping way, which can be fully utilized by the CPE. The other is that better resource allocation flexibility can be obtained. In current spec, gNB has the flexibility to configure multiple SRS pattern (e.g., 2 or 4 ports per comb) according to different channel conditions. In order to retain similar flexibility, supporting 8 ports in multiple OFDM symbols is necessary. Similar reasons apply for antenna switching. 
Proposal 5: Support 8 SRS ports in multiple OFDM symbols for codebook-based UL MIMO and antenna switching.
· Whether to support 8 ports in one or multiple resources
This issue is also for CB based UL MIMO. Multiple SRS resources should be supported to save spec effort and obtain higher flexibility. If multiple resource is supported, the 8 SRS ports can be divided into several groups and the configurations in current spec can be fully reused for each group, which will avoid designing patterns for an 8-port SRS resource. Furthermore, different resources for different groups can be configured in FDM/TDM/CDM manner, which provides higher flexibility and suits the channel condition better.
[bookmark: OLE_LINK18]Proposal 6: Support 8 SRS ports in multiple SRS resources for codebook-based UL MIMO.

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: Sequence hopping and group hopping are not sufficient to randomize the interference. 
Observation 2: CS hopping can achieve substantial performance gain compared with the enhanced group hopping mechanism and group hopping + sequence hopping mechanism.
Observation 3: CS hopping with finer hopping/randomization granularity (i.e., K > 1) can bring significant performance benefit.
[bookmark: OLE_LINK19][bookmark: OLE_LINK20]Observation 4: Sequence aggregation can still obtain obvious performance gain after considering the PAPR increase.
Observation 5: Comb offset randomization and starting RB location randomization can be considered for interference randomization. 
Observation 6: The time domain randomization deteriorates the “worst” delay case and to some degree violates the basic principle of randomization, thus should be carefully treated.
Observation 7: Compared with legacy SRS, the precoded SRS can bring significant throughput benefits. 
Observation 8: The eigenvector-based DL SU/MU precoder calculation is widely used in practical system. 
Observation 9: The CSI-RS resources are often configured in practical TDD system, which can be reused for precoded SRS.
Observation 10: Increasing the maximum number of cyclic shifts will introduce severe intra-cell cross-SRS interference, especially at the coordinated TRP due to arrival time difference. 
Observation 11: Multiplying the legacy SRS sequence with properly selected mask sequence can achieve lower PAPR. 
Observation 12: Mask based SRSs can achieve significant NMSE benefit over the legacy SRSs under different mask sequence selection methods. 

Proposal 1: CS hopping/randomization for interference randomization should be supported in R18 and finer hopping/randomization granularity should be considered. 
Proposal 2: Sequence aggregation for interference randomization could be supported in R18. 
Proposal 3: Precoded SRS should be supported for capacity enhancement in R18. 
Proposal 4: Support mask based SRS for SRS capacity enhancement for R18.
Proposal 5: Support 8 SRS ports in multiple OFDM symbols for codebook-based UL MIMO and antenna switching.
Proposal 6: Support 8 SRS ports in multiple SRS resources for codebook-based UL MIMO.

5 Appendix
Appendix A: Relationship between  and 
Each blue circle in Figure A1 corresponding to a specific combination of  and  represents the real interference situation faced by a UE in SLS. In fact, if we roughly ignore the SRS transmitting power difference between target UE and interference UE to generally observe the relationship between  and , it can be easily obtained that , which means the main difference between  and  comes from the difference between  and . Since the target UE is a CJT UE while the interference UE can be either a CJT UE or a sTRP UE, the absolute value of  is likely to be larger than or equal to the absolute value of , which can be proved by Figure A1 where the vast majority of blue circles are under the line representing  Based on the above analysis and the distribution of blue circles in Figure A1, the gap between  and  is chosen from {0, 3, 6}dB.
[image: ]
Figure A1. Relationship between  and  in SLS

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

	Scenario
	N_TRP = 2, Delta1 = -3dB, Delta2 = -6dB

	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 N_TRP TRPs
Ideal synchronization and backhaul

	UE speed
	3km/h

	Antennas at UE
	2T4R, 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 2 per UE, adaptive MCS

	Precoding granularity
	2 for DL, wideband for UL

	SRS configurations
	SRS periodicity = 5ms
SRS frequency hopping is disabled
Comb 2 with maximum 8 CS
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