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Introduction
In RAN#86, the Rel-17 WID of further enhancements on MIMO for NR is approved [1]. In the approved WID, a particular point is about SRS enhancements in terms of flexibility, coverage and capacity, targeting both FR1 and FR2. The detailed scope of the SRS enhancement is given as follows.
3. Enhancement on SRS, targeting both FR1 and FR2:
a. Identify and specify enhancements on aperiodic SRS triggering to facilitate more flexible triggering and/or DCI overhead/usage reduction
b. Specify SRS switching for up to 8 antennas (e.g., xTyR, x = {1, 2, 4} and y = {6, 8})
c. Evaluate and, if needed, specify the following mechanism(s) to enhance SRS capacity and/or coverage: SRS time bundling, increased SRS repetition, partial sounding across frequency
In this contribution, we discuss the technical details on the SRS enhancements given in the above scope. This contribution is a revision of R1-2005459 with more simulation results.
Enhancements on aperiodic SRS triggering
NR Rel-15 supports gNB to trigger aperiodic SRS resource set(s) with DCI, to enable dynamic UL/DL channel measurement. However, the current specification support for this feature is quite restrictive. The restriction will lead to PDCCH congestion, unnecessary DCI/RS overhead and/or unnecessary UE power consumption. It’s needed to enhance network’s flexibility when triggering the aperiodic SRS.
More flexible determination of SRS triggering offset
SRS triggering offset is defined as the slot offset between the slot with the triggering DCI and the slot with SRS transmission. It is configured per resource set in RRC. For each usage among ‘codebook’, ‘non-codebook’ and ‘antennaSwitching’, only one SRS resource set can be supported. Hence only one triggering offset is allowed for each of these usages. 
Considering typical slot format “DDDSU” and possible triggering offsets 0 to 4, there are 8 combinations of PDCCH location and SRS location for A-SRS trigger if we consider triggering SRS within a slot format periodicity. This is very limited as the number of UEs in a cell can be much more. For example, if we configure slot offset = 2, we can only support 2 combinations of PDCCH location and SRS location.  If we consider a lot of UEs in a cell, there would be high possibility of having PDCCH congestion. Large latency will happen. In addition, if dynamic SFI is used, the RRC configured slot offset may not be suitable anymore. This would further restrict SRS triggering or SFI indication.
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Fig. 1 Triggering opportunities for aperiodic SRS considering slot format DDDSU
Observation 1: The current triggering offset definition for aperiodic SRS will cause PDCCH congestion or large latency for SRS triggering.
A solution to this issue is to re-interpret the configured slot offset of SRS. For an aperiodic SRS resource set triggering by DCI in slot n, the aperiodic SRS resource set is transmitted on the (k+1)-th valid slot counting from slot n, where k is the configured SRS triggering offset. Further, the slot is considered as valid if there are sufficient available UL symbol(s) for the configured time-domain location(s) in a slot of all the SRS resources. Further, it needs to satisfy the minimum timing requirement between triggering PDCCH and all the SRS resources in the resource set.
Following this approach, we can have much more triggering opportunities for SRS in a slot format periodicity. In the example in Fig. 1, we can have at least 5 combinations of PDCCH location and SRS location for Slot offset = 0, as shown in Fig. 2. For a cell with large number of UEs, this would solve the issue of PDCCH congestion and reduce the latency of SRS triggering. 
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a) Slot offset = 0
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b) Triggering opportunities for Slot offset = 0
Fig. 2 Enhancement of triggering offset determination
Proposal 1: For an aperiodic SRS resource set triggered by DCI in slot n, the aperiodic SRS resource set is transmitted on the (k+1)-th valid slot counting from slot n, where k is the configured SRS triggering offset.
· The slot is considered as valid if there are available UL symbol(s) for the configured time-domain location(s) in a slot for all the SRS resources in the resource set and if it satisfies the minimum timing requirement between triggering PDCCH and all the SRS resources in the resource set.
More flexible DCI format
In Rel-15 specification, there is one restriction in DCI 0_1 “Except for DCI format 0_1 with CRC scrambled by SP-CSI-RNTI, a UE is not expected to receive a DCI format 0_1 with UL-SCH indicator of "0" and CSI request of all zero(s)”. Based on this, the triggering DCI for aperiodic SRS can be summarized as the following.
· DCI format 1_1, 
· DCI format 0_1 with UL-SCH=1, or 
· DCI format with UL-SCH=0 and with non-zero CSI request. 
In TDD scenarios, gNB has the demand of triggering SRS for DL DCI acquisition before scheduling UL or DL data. In this case, the current specification will cause DL or UL resource wasted, since gNB has to allocate PDSCH or PUSCH resources. Hence it is needed to enhance the current specification by allowing SRS being triggered by DCI format 0_1 with UL-SCH=0 and without CSI request.
In Rel-16, aperiodic SRS can also be triggered by DCI format 0_2 and 1_2. Hence the same enhancement for DCI format 0_1 can also be applied to DCI format 0_2. 
Proposal 2: Support aperiodic SRS to be triggered by DCI format 0_1/0_2 with UL-SCH=0 and without CSI request.
More flexible triggering for antenna switching
In NR Rel-16 TEI, it is agreed to support more flexible UE capability reporting for SRS antenna switching, in order to achieve better UE power saving and NW configuration flexibility. Specifically, for a UE can support both 2T4R and a downgrading to 1T2R, UE can report a combined capability “t1r1-t1r2-t2r2-t2r4”. gNB can configure either 1T2R or 2T4R. 2T4R can let gNB to get the CSI for the full channel, whereas 1T2R consumes less resource overhead and less UE power. 
· However, as the channel variation can be quite dynamic, and the mapping from the SRS resources in the 1T2R resource set is up to UE implementation. The downgrading from 2T4R to 1T2R can lead to serious performance loss although it reduces RS overhead and UE power consumption. For example, as shown in Fig. 3, the UE is capable of both 1T2R and 2T4R. Assume gNB configures 1T2R, and UE maps the SRS resources to antennas in PA1. If gNB identifies that H1 leads to large performance loss, it can only reconfigure 2T4R by RRC.
· On the other hand, the current configuration for the antenna switching SRS resources is very restrictive. Only one set of periodic or semi-persistent resources and one set of aperiodic resource can be supported. Further, the two sets always correspond to same numbers of Tx/Rx antennas in SRS antenna switching. That is, gNB can only enable one type of Tx/Rx antenna switching at one time, i.e., either 1T2R or 2T4R, through RRC configuration. If gNB finds out 1T2R suffers large performance loss, gNB has to do RRC reconfiguration to enable 2T4R.
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Fig. 3 Downgrading 2T4R to 1T2R
The above issues make the support of the combined UE capability difficult to be used by gNB. To avoid potential performance loss caused by channel variation and the cost of having RRC reconfiguration, gNB would barely choose to configure 1T2R. Then the whole intention of introducing combined capability is defeated. 
Observation 2: For UEs supporting combined capability of SRS antenna switching, if the downgrading leads to performance loss, the only thing gNB can do is to reconfigure the SRS resource set for antenna switching.
This issue can be solved by allowing both 1T2R and 2T4R in a more adaptive way. For example, gNB can configure both 2T4R and 1T2R SRS resources for the UE. The measurement on the 2T4R resources can be periodic with a large periodicity. The aperiodic resource set can be used for 1T2R. By allowing this, gNB can choose to use the CSI from periodic resource set if the measurement from the aperiodic resources gives poor channel quality. For UE, only one PA is used during two periodic SRS transmissions, which is known after RRC configuration. Thus power saving and overhead reduction can be achieved.
Proposal 3: Support more flexible triggering for SRS antenna switching by allowing the aperiodic resource set to use a different number of Tx/Rx antennas from the periodic resource set.
Usage/overhead reduction for SRS
Generally, SRS overhead is a critical issue in UL channel. The total number of SRS resources and the number of simultaneous SRS resources are all UE capabilities. Due to issues like limited power, usually one SRS resource has to occupy a whole OFDM symbol for a UE. Large SRS overhead causes UL performance issue especially considering UL resource is limited in TDD. 
In NR Rel-15, a typical implementation to reduce SRS overhead is to reuse the same resource for antenna switching SRS and codebook SRS. One typical example is shown in Fig. 4. This simple resource reuse can be done by implementation in Rel-15 by configuring a same resource for codebook and antenna switching, and it is beneficial for saving SRS overhead. 
In some cases, a good resource reuse/multiplexing cannot be achieved simply. There are UEs with a different numbers of Tx antennas for antenna switching and PUSCH transmission. For example, for UEs with maximum two-layer PUSCH transmission and 1T2R for antenna switching, the number of Tx antennas for PUSCH is at least 2, while the number of Tx antennas for antenna switching is just 1. For UEs reporting this capability, if gNB only uses 1 port for UL transmission, UL performance is reduced significantly. If gNB uses 2 ports for UL transmission, how to achieve usage/overhead reduction is not clear for these UEs. Without resource reuse or multiplexing two resources in one OFDM symbol, SRS overhead is large as separate OFDM symbols needs to be occupied by these resources. One simple way to reduce overhead is to implement resource reuse by configuring one resource for antenna switching with one port from the resource configured for codebook based PUSCH, or at least gNB can multiplex one SRS resource for codebook based UL and one SRS resource for antenna switching in a same OFDM symbol. However, this may cause that the antenna switching SRS cannot use full transmission power in one OFDM symbol. Hence, further details to support this type of resource reuse/multiplexing need to be studied. 
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Fig. 4 Resource reuse between different usages.
Observation 3: Resource reuse between different usages is beneficial in terms of SRS overhead/usage reduction. 
· Simple resource reuse can be done by implementation in Rel-15.
· For UEs with different numbers of Tx antennas for antenna switching and PUSCH transmission, how to achieve resource reuse is not clear. 
Proposal 4: For usage/overhead reduction of SRS, study resource reuse/multiplexing among multiple usages, incl. the case UE has different number of Tx antennas for antenna switching and PUSCH.
Enhancements on SRS antenna switching
It is agreed in the scope of this WI to enhance the SRS antenna switching for up to 8 antennas. To support xTyR for up to 8 antennas, 6 new combinations of (x, y) can be identified in total, i.e., (x, y) = {(1, 6), (1, 8), (2, 6), (2, 8), (4, 6), (4, 8)}.
Among the above 6 combinations, it’s natural to support (2, 8) and (4, 8). For the other combinations, the use cases or the benefit for the antenna structure should be justified. For example, the use case of (1, 6) and (1, 8), which implies large gap of capability between transmission and reception is to be justified. In another example, (2, 6) implies a PA linked to 3 antennas, which is not a typical number for RF implementation.
Proposal 5: For SRS antenna switching up to 8 antennas, support xTyR where (x, y) = (2, 8) and (4, 8).
· FFS (x, y) = {(1, 6), (1, 8), (2, 6), (4, 6)}.
Enhancements on SRS coverage and capacity
The Rel-17 FeMIMO WI gives three categories for SRS coverage and capacity enhancements.
· Cat 1 (Time bundling): Enable joint processing of two different resources;
· Cat 2 (Increase repetition): Increase maximum number of repetitions in one resource;
· Cat 3 (Partial frequency sounding): More flexible configuration on SRS frequency resources to allow SRS transmission on partial frequency resources within the Rel-15 SRS band.
Evaluation is needed to choose candidate schemes from these three cats.
Cat 1: Time bundling
This category enables joint processing within time domain resources to potentially enhance coverage. Compared with Rel-15 SRS, it does not change the SRS pattern in one resource, nor introduce extra physical resources. It utilizes and sets relationship among the two or more Rel-15 SRS resources, as shown in Fig. 5. It achieved coverage gain with the same capacity as Rel-15. From SRS capacity perspective, time bundling does not either enhance or reduce SRS capacity. 
One example of time bundling is to enable joint processing of periodic and aperiodic resources. Periodic SRS resource can be used to provide basic SRS channel measurement, whereas bundled aperiodic SRS resource can be triggered to enhance the channel measurement performance once needed.
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Fig. 5 Time bundling
Cat 2: Increase repetitions
This category changes the Rel-15 SRS pattern in one resource from time domain. It introduces extra symbols in time domain for repetition as shown in Fig. 6, which is beneficial for coverage. Since Rel-16 NR-U work item has extended to support SRS transmission in all symbols of a slot, it is possible to extend the maximum number of repetitions as well for better coverage. On the other hand, it will cost more SRS overhead for one UE/resource, so the SRS capacity will be reduced. Then UE-level TD-OCC can be used on the repetition symbols in order to maintain the SRS capacity.
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Fig. 6 Increase repetitions
Cat 3: Partial frequency sounding
This category changes the Rel-15 SRS pattern in one resource from frequency domain. It allows more flexible frequency domain resource configuration for SRS to enhance coverage and/or capacity. For example, the flexibility can include allowing non-contiguous subbands in the entire SRS bandwidth, and/or allowing SRS transmission only in partial RBs of each subband.
One use case is to have higher SRS coverage in power-limited scenarios gained from the power boosting provided by transmitting SRS only in partial RBs in one hop, as depicted in Fig. 7. Although SRS is transmitted only in partial number of RBs, it only changes the number of samples gNB can use to calculate precoder. For example, if the precoding granularity is 4-RB, the difference between Fig. 7 and legacy is gNB uses SRS samples in 4 RBs or 2 RBs to do average. The 3dB power boosting can provide larger positive impact on the performance than the negative impact from the reduced number of samples. In addition, the occupied resources are reduced for one UE. The unoccupied resources can be allocated for SRS of another UE. The SRS capacity can be increased as well. Specifically, if only half of the resource blocks in a hop are used for SRS transmission, the maximum number of UEs multiplexed in one slot can be doubled. 
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Fig. 7 Partial-frequency sounding for higher coverage
Based on the above discussion, we have the following proposal.
Proposal 6: For SRS coverage and capacity enhancements, evaluate and select scheme(s) from the following three categories
· Cat. 1 (Time bundling): Enable joint processing of two different resources;
· Cat. 2 (Increase repetitions): Increase maximum number of repetitions in one resource;
· Cat. 3 (Partial-frequency sounding): Support more flexible configuration on SRS frequency pattern to allow SRS transmission on only partial frequency resources within the SRS band.
Evaluation
Remaining issues on evaluation methodology
In the offline email discussion on evaluation methodology [2], the basic LLS and SLS evaluation assumptions have been agreed. There are some remaining issues marked as FFS in LLS assumption table.
	Baseline
	Rel-15 SRS + FG 10-11. Companies to state the detailed configuration used as baseline scheme.
FFS: converged baseline(s).


Practically it is hard to use one single baseline for different study targets such as coverage and capacity. Further, coverage and capacity are relevant with each other. For example, to increase repetitions will reduce capacity. Hence it is not helpful to define different baselines for coverage and capacity, as it may lead to choose different schemes for coverage and capacity enhancements. Therefore, it is better to let companies to choose which configuration is used as baseline scheme in each evaluation, and RAN1 will take different aspects into consideration when discussing the evaluation results. If we have to choose one configuration, we prefer to use mSRS,3 = 4 and R=1, as this is one configuration with both reasonable coverage and reasonable resource overhead.
	Channel model
	CDL-B or CDL-C in TR 38.901 with 30ns or 300ns delay spread as baseline
Note: other delay spread is not precluded. 
FFS: whether and how to define scenario
FFS: whether and how to use CDL in MU-MIMO


Scenario is essentially a set of parameters such as delay spread, angle spread, UE speed and so on. Most of the scenario related parameters are already contained in the simulation assumption table. One missing part is whether angle scaling is performed, which will determine the angle spread and mean angle. To clarify this, companies can state whether angle scaling is performed, and if so, the desired angle spread and mean angle.
On the potential extension of using CDL for MU-MIMO, we fail to see the necessity to do so. For coverage evaluation, we don’t think MU scheduling is typical for coverage limited UEs. Further, no matter how we extend CDL model, LLS is not the best approach to evaluate MU-MIMO as it does not reflect how many cases that UEs can be scheduled to perform MU transmission. SLS should be the best approach instead. Further, even companies want to use CDL for MU-MIMO, with angle scaling, different angles can be generated for different UEs, so to use the current CDL model for MU-MIMO is already possible. Hence we think there is no need to further extend CDL for MU MIMO.
	UE antenna configuration
	FR1: omni as baseline
· FFS: whether direction can also be considered for more than 2 antennas
FR2: directional


Our understanding on directional antenna is that UE can do virtualization to map more than one elements to one TXRU. Considering the limit antenna array size we can have in FR1, we don’t think directional antenna is a typical implementation for FR1. Hence there is no need to consider directional antenna in FR1.
	DL SNR
	Companies to state the used difference between DL SNR and UL SNR
· FFS detailed values


The candidate values of DL SNR and UL SNR should depend on the typical link budgets of UL and DL. Based on the link budget analysis on NR in [3], the maximum range of DL channel for around 4GHz is roughly about 2 to 3 times of UL channel. Hence to assume DL SNR is 6 or 9 dB higher than UL SNR is reasonable. 
Proposal 7: On the remaining issues of FeMIMO SRS evaluation methodology
· If one baseline scheme is pursued, use mSRS,3 = 4 and R=1
· Companies to state whether angle scaling is performed, and if so, the desired angle spread and mean angle
· No need to further extend CDL for MU MIMO
· No need to consider directional antenna in FR1
· The candidate values for DL and UL SNR difference are {6dB, 9dB}
Primary results
We perform LLS to evaluate the performance of partial frequency SRS (Cat 3) given in section 4.3. The simulation assumptions are given in Table 7-1. The partial frequency SRS pattern is same as Fig. 7, where the 2 RBs in the middle of one hop have SRS, and the other 2 RBs have no SRS to transmit. Thus there is 3dB power boosting for SRS transmission in each RB for partial frequency SRS. The legacy SRS pattern is mSRS,3 = 4 and R=1. The simulation results are shown in Fig. 8(a) for DL BLER and 8(b)/(c) for UL BLER/throughput. In the evaluations, BLER reflects the first-transmission performance, while throughput takes HARQ and OLLA into account.
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(a) DL BLER performance: UE 4Rx, gNB 64Tx
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(b) UL BLER performance: UE 4Tx, gNB 64Rx
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(c) UL throughput performance: UE 4Tx, gNB 64Rx
Fig. 8 Evaluation results for partial frequency SRS and legacy SRS
[bookmark: _GoBack]It can be seen in Fig. 8 that both BLER and throughput show partial frequency SRS has around 1dB coverage gain over legacy SRS for UL transmission. For DL, the gain of partial frequency SRS is a bit smaller but very close to 1 dB.
Conclusion
In this contribution, we discuss the issues on SRS enhancements for Rel-17. We have the following observations and proposals.
Observation 1: The current triggering offset definition for aperiodic SRS will cause PDCCH congestion or large latency for SRS triggering.
Observation 2: For UEs supporting combined capability of SRS antenna switching, if the downgrading leads to performance loss, the only thing gNB can do is to reconfigure the SRS resource set for antenna switching.
Observation 3: Resource reuse between different usages is beneficial in terms of SRS overhead/usage reduction. 
· Simple resource reuse can be done by implementation in Rel-15.
· For UEs with different numbers of Tx antennas for antenna switching and PUSCH transmission, how to achieve resource reuse is not clear. 
Proposal 1: For an aperiodic SRS resource set triggered by DCI in slot n, the aperiodic SRS resource set is transmitted on the (k+1)-th valid slot counting from slot n, where k is the configured SRS triggering offset.
· The slot is considered as valid if there are available UL symbol(s) for the configured time-domain location(s) in a slot for all the SRS resources in the resource set and if it satisfies the minimum timing requirement between triggering PDCCH and all the SRS resources in the resource set.
Proposal 2: Support aperiodic SRS to be triggered by DCI format 0_1/0_2 with UL-SCH=0 and without CSI request.
Proposal 3: Support more flexible triggering for SRS antenna switching by allowing the aperiodic resource set to use a different number of Tx/Rx antennas from the periodic resource set.
Proposal 4: For usage/overhead reduction of SRS, study resource reuse/multiplexing among multiple usages, incl. the case UE has different number of Tx antennas for antenna switching and PUSCH.
Proposal 5: For SRS antenna switching up to 8 antennas, support xTyR where (x, y) = (2, 8) and (4, 8).
· FFS (x, y) = {(1, 6), (1, 8), (2, 6), (4, 6)}.
Proposal 6: For SRS coverage and capacity enhancements, evaluate and select scheme(s) from the above three categories
· Cat. 1 (Time bundling): Enable joint processing of two different resources;
· Cat. 2 (Increase repetitions): Increase maximum number of repetitions in one resource;
· Cat. 3 (Partial-frequency sounding): Support more flexible configuration on SRS frequency pattern to allow SRS transmission on only partial frequency resources within the SRS band.
Proposal 7: On the remaining issues of FeMIMO SRS evaluation methodology
· If one baseline scheme is pursued, use mSRS,3 = 4 and R=1
· Companies to state whether angle scaling is performed, and if so, the desired angle spread and mean angle
· No need to further extend CDL for MU MIMO
· No need to consider directional antenna in FR1
· The candidate values for DL and UL SNR difference are {6dB, 9dB}
Appendix
Table 7-1 Simulation assumptions for SRS coverage enhancement
	Parameter
	Value

	Metric
	DL BLER
UL BLER and throughput

	Carrier frequency
	4GHz

	SCS
	30kHz

	Channel bandwidth
	20MHz

	Channel model
	CDL-C in TR 38.901

	Delay spread
	300ns

	Angle scaling
	No scaling

	UE speed
	3km/h

	Number of UE antennas 
	4T4R

	Number of gNB antennas
	64T64R

	UE antenna configuration
	Omni

	Rank, precoder and MCS 
	DL: Precoder and rank are adaptive and based on SVD. MCS is fixed.
UL: Precoder/rank/MCS are adaptive

	Precoding granularity
	DL: 4 RBs
UL: Wideband

	SRS periodicity 
	4 slots

	SRS Comb
	Comb 2

	SRS frequency hopping
	mSRS,3 = 4 and R=1

	DL SNR
	The difference between DL and UL SNR is 6dB.
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