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1. INTRODUCTION
During the RAN1 #104e, RAN1 continued the discussion related to SRS enhancements. The discussion was mainly focused on SRS aperiodic operation and SRS antenna switching, resulting in the following agreements:

	· For Rel-17 SRS capacity and coverage enhancement, support the following
· Increase the maximum number of repetition symbols in one slot and one SRS resource to S
· Support at least one S value from {8, 10, 12, 14}
· FFS other candidate values
· Support to transmit SRS only in [image: ] contiguous RBs in one OFDM symbol, where [image: ] indicates the number of RBs configured by BSRS and CSRS
· Support at least one PF value from {2, [3], 4, 8}
· FFS other candidate values, e.g., non-integer values for PF
· Note: SRS sequence shorter than the minimum length supported in the current specification is not pursued.
· No new sequence including length is introduced
· FFS it is applicable to frequency hopping and non-frequency hopping
· FFS detailed signaling mechanism to determine PF and the location of the [image: ] RBs
· Support Comb 8
· Note: SRS sequence shorter than the minimum length supported in the current specification is not pursued.
· FFS whether and if needed, how to use harmonized approach to define the three supported schemes
· Note: other schemes for SRS capacity and coverage enhancements are not supported in Rel-17.

· For aperiodic antenna switching SRS, support to configure N <=N_max resource sets, where totally K resources are distributed in the N resource sets flexibly based on RRC configuration.
· For 1T6R, K=6, N_max = [4], and each resource has 1 port.
· For 1T8R, K=8, N_max = [4], and each resource has 1 port.
· For 2T6R, K=3, N_max = [3], and each resource has 2 ports.
· For 2T8R, K=4, N_max = [4], and each resource has 2 ports.
· (Working Assumption) For 4T8R, K=2, N_max = [2], and each resource has 4 ports.
· FFS the number of supported candidate values of N for each xTyR.
· FFS extension to increase N_max for 1T4R, 2T4R, T=R and 1T2R cases for aperiodic, periodic and semi-persistent SRS resources
· FFS the number of resources and resource sets for semi-persistent and periodic antenna switching SRS
· Note: SRS could be transmitted over the last 6 OFDM symbols, or over any OFDM symbols within the slot subject to UE capability.

· Further study whether and if needed, how to achieve further enhancements on aperiodic SRS triggering and resource management based on repurposing unused fields in DCI format 0_1/0_2 without data and without CSI. Consider the following examples
· CAT A: Time-domain parameters
· A-1: Indication of available slot position, i.e., the t values
· A-2: Indication of slot offset
· A-3: Indication of SRS symbol-level offset
· A-4: Indication of time-domain behavior for SRS transmission over multiple OFDM symbols, e.g., repetition, hopping, and/or splitting
· CAT B: Frequency-domain parameters
· B-1: Indication of a group of CCs for SRS transmission
· B-2: Indication of frequency domain resource in a BWP for SRS transmission
· B-3: Indication of whether DL/UL BWP is applied for SRS transmission
· CAT C: Power control parameters
· C-1: Re-purpose ‘TPC command for PUSCH’ as ‘TPC command for SRS’
· FFS impact on power control, impact from triggering a group of CCs for SRS
· C-2: Indication of open loop power control parameter e.g., p0.
· CAT D: Spatial-domain parameters, i.e., indication of SRS port and beamforming
· CAT E: Extend the number of DCI codepoints for aperiodic SRS trigger states
· Other examples are not precluded

· [bookmark: _Hlk67587765]A list of t values is configured in RRC for each SRS resource set. Adopt at least one of the following for DCI indication of t.
· In DCI format 0_1/0_2 without data and without CSI request, 
· Alt 1-1: Reuse the same scheme used for DCI format 0_1/0_2/1-1/1-2 that schedules a PDSCH or PUSCH
· Alt 1-2: Re-purpose unused DCI field to indicate t
· Alt 1-3: t is indicated by a configurable DCI field, where the DCI field may contain bits from unused fields and additional bits configured by gNB
· FFS design details with other potential field(s)
· FFS: whether t can be slot offset
· In DCI format 0_1/0_2/1-1/1-2 that schedules a PDSCH or PUSCH
· Alt 2-1: t is indicated by adding a new configurable DCI field
· Alt 2-2: t is indicated without adding DCI payload
· Note: The size of DCI payload does not change dynamically
· Note: RAN1 should strive for unified solution for different DCI formats.
· FFS: The number of RRC configured t values per SRS resource set and DCI bit field size.

Confirm the following working assumption with modifications
An “available slot” is a slot satisfying there are UL or flexible symbol(s) for the time-domain location(s) for all the SRS resources in the resource set and it satisfies UE capability on the minimum timing requirement between triggering PDCCH and all the SRS resources in the resource set.
· From the first symbol carrying the SRS request DCI and the last symbol of the triggered SRS resource set, UE does not expect to receive SFI indication, UL cancellation indication or dynamic scheduling of DL channel/signal(s) on flexible symbol(s) that may change the determination of “available slot”.
· Note: Collision handling between the triggered SRS and any other UL channel/signal is performed after the determination of available slot.
· FFS: Rules to handle the case of multiple SRS resource sets with overlapping symbols and/or triggered by a same DCI




In this contribution, we continue the discussion for SRS enhancements. In particular, we discuss the remaining issues for Aperiodic SRS operation and antenna switching.

2. UE SOUNDING PROCEDURE ENHANCEMENT
SRS is primarily used for uplink channel measurements. SRS transmission may also be used to assist downlink CSI estimation for partially or fully reciprocal channels. Moreover, SRS is instrumental for beam management where SRS transmission through different SRS resources with different spatial filters supports UE beam sweeping and beam selection by gNB. Therefore, enabling a dynamic and flexible sounding procedure with adequate capacity and coverage is essential to MIMO performance. 

2.1. DYNAMIC SLOT OFFSET INDICATION 
Aperiodic SRS Operation in Rel. 16
In NR Rel. 16, the time domain behavior of SRS resource configuration is indicated by the higher layer parameter resourceType. The time domain behavior can be configured as periodic, semi-persistent and aperiodic. In NR Rel. 16, a UE cannot be configured to have different time domain behavior, i.e., periodic, semi-persistent, and different periodicities for SRS resources within a same SRS resource set.  
In semi-persistent SRS operation, a UE may be activated/deactivated by a DCI to start/stop the SRS transmission. However, the impact from misdetection of deactivation signal could be significant as a UE may continue sending the SRS which may result in unnecessary interference and UE battery consumption. If an aperiodic SRS triggered to be transmitted on the same symbol(s), the aperiodic SRS has transmission priority over periodic and semi-persistent SRS. Except when PUCCH is carrying HARQ-ACK, link recovery request and/or SR, an aperiodic SRS has priority over PUCCH.
 For aperiodic SRS configuration, a UE receives a set of higher layer parameters for SRS-ResourceSet, including: slotOffset, srs-ResourceSetId, AperiodicSRS-ResourceTrigger, and AperiodicSRS-ResourceTriggerList. An aperiodic SRS transmission could be triggered by a UE specific DCI, a group common DCI, or an uplink DCI. The associated two-bit ‘SRS request’ field in DCI format 0_1, 1_1, 0_2 (if SRS request field is present), and 1_2 (if SRS request field is present) triggers the corresponding SRS. 
Based on Rel. 16 specification, if a UE receives a DCI triggering aperiodic SRS in slot , the UE transmits aperiodic SRS in each of the triggered SRS resource set(s) in slot

 							(1)

where  is configured via higher layer parameter slotOffset for each triggered SRS resources set and is based on the subcarrier spacing of the triggered SRS transmission. 

By allowing the aperiodic SRS’s slot level offset to be configured by L1, a potential collision of SRS and other transmissions may be avoided. As such, an aperiodic SRS could be transmitted more flexibly and reliably with less overhead and latency. Therefore, to further increase the flexibility of aperiodic SRS, it is desired to dynamically control the SRS triggering offset.

[image: ]
[bookmark: _Ref47346808][bookmark: _Hlk61448750]Figure 1 – DCI-based offset indication with legacy offset as the reference

Details of DCI-based Aperiodic SRS Triggering
RAN1 has agreed that a given aperiodic SRS resource set can be transmitted in the (t+1)-th available slot counting from a reference slot, where t is indicated from a DCI. In RAN1 meeting #104 that a list of t values is configured in RRC for each SRS resource set.


[bookmark: _Hlk61432618][bookmark: _Hlk61441588]As for the definition of reference slot, two options are being considered,
•	Option 1: Reference slot is the slot with the triggering DCI
•	Option 2: Reference slot is the slot indicated by the legacy triggering offset

In Option 1, to maintain a low overhead for the DCI payload, n cannot be large to cover all potential cases of potential interest for the t value. Therefore, if the network decides to shift the range of triggering offset values, from a certain range to another, then all the RRC configured values need to be reconfigured. Since in Option 2, the reference slot is the legacy triggering offset, if the network decides to shift the range of triggering offsets, from a certain range to another, then only the legacy reference slotOffset value needs to be reconfigured.

Overall, in contrast to Option 2, we find Option 1 restrictive. Besides other benefits, Option 2 is a very flexible solution. For example, if it was ever needed, a NW can still operate as in Option 1 by configuring slotoffset to 0. Also, switching to a different definition of slot reference for an enhancement is counter-intuitive and not helpful, as it adds unnecessary complications to specifications and implementation. In terms of UE complexity, we do not find much difference in complexity between the two options. If anything, we find Option 2 less complex as it maintains the operation closer to the legacy design, in both cases, the slotoffset is always configured and known to the UE; thus no determination step is required. 
Another drawback of Option 1 is its limitation for AP SRS triggering for MU-MIMO. With Option 1, to be able to trigger AP SRS for multiple UEs using a single DCI, we need to have a similar set of t values configured for all involved UEs which it obviously involves RRC (re)configuration of multiple t values. However, in Option2, a same set of configured t can be used for all UEs, and only (re)configuration of a single slotoffset parameter may be needed which requires much less overhead for RRC signaling.

Observation 1: Option 2 provides a more flexible and straightforward solution than Option 1. Option 2 has less complexity, requiring less overhead and also has the capability of operating in a fashion similar to Option 1 if ever needed. 

Proposal 1: Support Option 2 for definition of the slot offset, where the reference slot is the slot indicated by the legacy triggering offset.
 

Re-purposing Unused DCI Field
Figure 1 shows DCI-based aperiodic SRS triggering with legacy offset as the reference. Following the agreement on use of DCI to trigger the aperiodic SRS, it was also argued that the triggering DCI does not necessarily should have data or CSI related content. Hence, it was agreed to support at least DCI 0_1 and 0_2 to trigger aperiodic SRS without data and without CSI. The details for re-purposing the unused fields are to be further discussed. 


2.2. [bookmark: _Hlk61427739]SRS ANTENNA SWITCHING
[bookmark: _Hlk61448886][bookmark: _Hlk46150012]Support of 4T6R Configuration
SRS antenna switching is devised to provide an accurate downlink CSI estimation when the number of RX chains is higher than TX chains.  In NR Rel.16, several xTyR configurations for SRS antenna switching are considered, namely; x = {1, 2} and y = {1, 2, 4}. Given the increasing reception capability of UEs by adopting more antennas, the dimensionality of antenna switching should be further expanded to include up to 8 RX and 4 TX chains so that more capable UEs can support acquiring more accurate CSI. 
It has been agreed to support all SRS resource configurations {1T6R, 1T8R, 2T6R, 2T8R, [4T6R], 4T8R}. From the configuration set, only the case 4T6R was not immediately accepted and further investigation on its necessity was called upon. 
In our view, SRS resource configuration for antenna switching for a 4T6R UE should be supported. As it has been argued, similar to 4T8R, it represents a similar set of use cases that offer an extended receive capability beyond 4T4R. The antenna switching mechanism for a 4T6R configuration does not need to be complicated or very different from other configurations.
Figure 2 and Figure 3 show antenna switching mechanism for a 4T6R configuration where 3 SRS resource with 2 ports per SRS resource are used. For the switching mechanism shown in Figure 2, the 4 available TX chains are divided in two subsets where each has 2 TX chains. Therefore, for every SRS transmission, a different pair of TX chain is used. The antenna switching mechanism shown in Figure 3 can be explained as follows,
· When the first TX subset is transmitting the first SRS resource from the first pair of antennas, the second TX subset is already connected to the second pair of antennas, and it is ready for transmission of the second SRS resource in the next symbol. 
· Then for transmission of the second SRS resource, the second TX subset that is already connected to the second pair of antennas begins transmission of the second SRS resource. 
· While the transmission of the second SRS resource is underway, the first TX subset switches to the third pair of antennas to be ready for transmission of the third SRS resource.
· For the transmission of the third SRS resource, the first TX pair begins the transmission immediately after completion of the transmission of the second SRS resource.
As explained, since both subsets are used sequentially, there is no need to consider any guard time, and each transmission can immediately begin after another.

Observation 2: Supporting 4T6R the antenna switch architecture can be realized like other cases without any additional insertion loss or requiring asymmetric RF switches.

Proposal 2: For aperiodic antenna switching SRS, support to configure N <=N_max resource sets, where totally K resources are distributed in the N resource sets flexibly based on RRC configuration.
· For 4T6R, K=3, N_max = [3], and each resource has 2 ports.





[bookmark: _Ref60759940]Figure 2 - SRS antenna ports mapping for a 4T6R UE 



[bookmark: _Ref68592163]Figure 3 - SRS antenna switching for a 4T6R UE 

Consideration of UE Coherence Capability
In the last meeting, SRS configuration for 4T8R configuration was briefly discussed, resulting in the following Working Assumption.

· For aperiodic antenna switching SRS, support to configure N <=N_max resource sets, where totally K resources are distributed in the N resource sets flexibly based on RRC configuration.
· (Working Assumption) For 4T8R, K=2, N_max = [2], and each resource has 4 ports.

However, as we discuss in the following, we believe that some minor changes may be needed for this case before confirming the WA.

In NR Rel-15, three different transmission capabilities were introduced to allow a more reliable uplink transmission. The introduced UE transmission capabilities reflect the integrity of the uplink transmission chains in terms of phase/time coherency that are resulted from impairments. Therefore, by considering the reported UE capabilities, i.e., nonCoherent (NC), partialAndNonCoherent (PNC) and fullAndPartialAndNonCoherent (FPNC), the precoding operation can be adapted according to the coherence level of UE transmit architecture.  As such, due to potential phase/amplitude imbalances between different TX chains that correspond to the indicated UE coherence capability, only a specific subset of precoders is allowed for transmission.

[bookmark: _Hlk61457806][bookmark: _Hlk61458002]An important application of SRS is to have an estimate of the downlink CSI through an uplink measurement. Since UE coherence capability plays a key role in integrity of uplink transmission, then any inaccuracy in uplink channel estimation can directly impact the estimated CSI for downlink. Therefore, it is important to discuss how UE coherence capability should be considered in implementation of SRS antenna switching for downlink CSI estimation.
In brief, the problem is that for DL CSI estimation through SRS transmission, we consider reciprocity of the wireless channel. In other words, we assume that the transposed of the UL channel measured based on transmitted SRS represents a good estimate of the DL channel, and hence it can be used for determination of DL CSI and DL precoder. However, in a partial or non-coherent UE, the reciprocity assumption cannot hold true if we use all the 4 ports in a SRS resource. This is because the amplitude/phase imbalance of TX chain makes the channel measured by SRS transmission different from the actual DL channel. 
Let’s assume that the estimated UL channel from SRS transmission is  where  is a diagonal matrix representing the distortion imposed by TX RF chain of a partially/non-coherent UE. Then, the DL channel is estimated as the transpose of  that is = which is different from the actual . In a more practical terms, as a result of impairment, we would be designing the precoder assuming that the DL channel is  while the actual channel is . Therefore, there will be a mismatch between the precoder designed based on the measured channel by SRS and the actual channel that results in some degradation in the performance.
Therefore in our view, UE coherence capability should be considered for configuration of SRS resources for AS operation. For example, for a fully coherent 4T8R UE, it should be OK if we use two 4-port SRS resources for AS. However, for a partially-coherent UE, where coherency is maintained only over two ports, we should use four 2-port SRS resources. In other words, for AS operation, a partially-coherent 4T8R UE should use a similar SRS resource configuration as 2T8R UE.

Observation 3: UE coherence capability plays a key role in integrity of uplink transmission, therefore any inaccuracy in uplink channel estimation can directly impact the validity of the estimated CSI for downlink.

Proposal 3: Support consideration of UE coherence capability in implementation of SRS antenna switching for downlink CSI estimation.

By relying on coherency definition in section (6.4D.4) of 38.1010 [A1], we have evaluated the performance of different SRS AS configuration for a 4T8R partial coherent UE. Also, since UE vendors may use different level of accuracy for their TX factory calibration, we considered different level of calibration accuracies for this evaluation. Figure 4 shows impact of different cases of SRS configuration for downlink channel sounding. The relative measured SNR gain for each case is summarized in Table 1. Evaluation assumptions and other details are summarized in Appendix. The presented results in Figure 4 covers 7 different cases as described below:

· Benchmark:
· Case 0: 4T8R AS by an ideal fully coherent and perfectly calibrated transmitter as an upper bound of performance
 
· 4T8R-based AS cases:
· Case 1: A partial coherent UE with no calibration
· Case 2: A partial coherent UE, assuming that PAs within each coherent pair is calibrated to +/- 1 dB
· Case 3: A partial coherent UE, assuming that PAs within each coherent pair is calibrated to +/- 0.1 dB

· 2T8R-based AS cases:
· Case 4: A partial coherent UE with no calibration
· Case 5: A partial coherent UE, assuming that PAs within each coherent pair is calibrated to +/- 1 dB
· Case 6: A partial coherent UE, assuming that PAs within each coherent pair is calibrated to +/- 0.1 dB

For all of the above cases, a partial coherent UE with a 4T8R is considered. However from SRS configuration perspective, for the cases 1-3, a 4T8R-based AS and for the cases 4-6, a 2T8R-based AS are assumed.
[bookmark: _Ref68186656][image: ]
Figure 4 – Performance evaluation of 4T8R- and 2T8R-based antenna switching 


	Table 1 – Relative SNR gain (dB)

	
	25%-tile
	50%-tile
	75%-tile

	Case1 to Case4
(No calibration)
	1.77
	1.6
	1.37

	Case2 to Case5
(Coherent pair is calibrated to +/- 1 dB)
	6.76
	6.23
	5.13

	Case3 to Case6
(Coherent pair is calibrated to +/- 0.1 dB)
	11.89
	13.09
	14.61




Based on the presented results, we can make the following observations,

Observation 4: For partial coherent UEs, 2T8R-based AS performs better than 4T8R AS configuration.

Observation 5: For partial coherent UEs with 4T8R-based AS, increasing calibration accuracy does not result in any major improvements.

Observation 6: For partial coherent UEs with 2T8R-based AS, increasing calibration accuracy significantly improves the performance.

Observation 7: UE Phase imbalance has no impact on the performance, while amplitude imbalance can impact the performance of the system.

In general, the above observations are in agreement with findings and conclusions made during earlier studies conducted for LTE TDD systems [3-4]. Based on the presented results that indicate the negative impact of partial coherency on the accuracy of downlink CSI estimation and consequently downlink throughput, we believe that WA for 4T8R should be slightly modified before being confirmed, 

Proposal 4: For 4T8R aperiodic antenna switching SRS, support to configure N <=N_max resource sets, where totally K resources are distributed in the N resource sets flexibly based on RRC configuration.
· For fullAndPartialAndNonCoherent UEs, K=2, N_max = [4], and each resource has 4 ports.
· For partialAndNonCoherent and nonCoherent UEs, K=4, N_max = [2], and each resource has 2 ports.
· FFS the number of supported candidate values of N for each xTyR.


3. CONCLUSIONS
In this contribution, enhancements for aperiodic SRS transmission and antenna switching were discussed. Based on the presented discussion, following observations and proposals are made,

Observation 1: Option 2 provides a more flexible and straightforward solution than Option 1. Option 2 has less complexity, requiring less overhead and also has the capability of operating in a fashion similar to Option 1 if ever needed. 

Observation 2: Supporting 4T6R the antenna switch architecture can be realized like other cases without any additional insertion loss or requiring asymmetric RF switches.

Observation 3: UE coherence capability plays a key role in integrity of uplink transmission, therefore any inaccuracy in uplink channel estimation can directly impact the validity of the estimated CSI for downlink.

Observation 4: For partial coherent UEs, 2T8R-based AS performs better than 4T8R AS configuration.

Observation 5: For partial coherent UEs with 4T8R-based AS, increasing calibration accuracy does not result in any major improvements.

Observation 6: For partial coherent UEs with 2T8R-based AS, increasing calibration accuracy significantly improves the performance.

Observation 7: UE Phase imbalance has no impact on the performance, while amplitude imbalance can impact the performance of the system.

Proposal 1: Support Option 2 for definition of the slot offset, where the reference slot is the slot indicated by the legacy triggering offset.
 
Proposal 2: For aperiodic antenna switching SRS, support to configure N <=N_max resource sets, where totally K resources are distributed in the N resource sets flexibly based on RRC configuration.
· For 4T6R, K=3, N_max = [3], and each resource has 2 ports.

Proposal 3: Support consideration of UE coherence capability in implementation of SRS antenna switching for downlink CSI estimation.

Proposal 4: For 4T8R aperiodic antenna switching SRS, support to configure N <=N_max resource sets, where totally K resources are distributed in the N resource sets flexibly based on RRC configuration.
· For fullAndPartialAndNonCoherent UEs, K=2, N_max = [4], and each resource has 4 ports.
· For partialAndNonCoherent and nonCoherent UEs, K=4, N_max = [2], and each resource has 2 ports.
· FFS the number of supported candidate values of N for each xTyR.
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5. APPENDIX 
5.1. REQUIREMENTS FOR COHERENT UL MIMO 
	
[bookmark: _Toc21340898][bookmark: _Toc29805345][bookmark: _Toc36456554][bookmark: _Toc36469652][bookmark: _Toc37254061][bookmark: _Toc37322918][bookmark: _Toc37324324][bookmark: _Toc45889847][bookmark: _Toc52196508][bookmark: _Toc52197488][bookmark: _Toc53173211][bookmark: _Toc53173580][bookmark: _Toc61118846][bookmark: _Toc61119228][bookmark: _Toc61119609][bookmark: _Hlk528918230][bookmark: _Hlk68188083]6.4D.4    Requirements for coherent UL MIMO
For coherent UL MIMO, Table 6.4D.4-1 lists the maximum allowable difference between the measured relative power and phase errors between different physical antenna ports in any slot within the specified time window from the last transmitted SRS on the same antenna ports, for the purpose of uplink transmission (codebook or non-codebook usage) and those measured at that last SRS. The requirements in Table 6.4D.4-1 apply when the UL transmission power at each physical antenna port is larger than 0 dBm for SRS transmission and for the duration of time window. The requirement is verified with the test metric of EIRP (Link=TX Beam peak direction, Meas=Link angle).
Table 6.4D.4-1: Maximum allowable difference of relative phase and power errors in a given slot compared to those measured at last SRS transmitted
	Difference of relative phase error
	Difference of relative power error
	Time window

	40 degrees
	4 dB
	20 msec



The above requirements apply when all of the following conditions are met within the specified time window:
-     UE is not signaled with a change in number of SRS ports in SRS-config, or a change in PUSCH-config
-     UE remains in DRX active time (UE does not enter DRX OFF time)
-     No measurement gap occurs
-     No instance of SRS transmission with the usage antenna switching occurs
-     Active BWP remains the same
-     EN-DC and CA configuration is not changed for the UE (UE is not configured or de-configured with PScell or SCell(s))




5.2. EVALUATION PARAMETERS
	

	Parameters
	Values

	Scenario
	UMa

	Number of sites
	7

	ISD
	200 meters

	Number of UEs per cell
	30

	Number of BS antennas
	8

	BS downtilt
	104 degrees

	Number of RBs
	1

	Number of RX antennas
	4

	Carrier frequency
	4.0 GHz

	SRS configuration
	2T8R, 4T8R

	Impairment modeling
	See 38.101 Section 6.4D.4

	Precoding
	SVD

	Layers
	4

	Metric
	Throughput
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