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Introduction
This a revision of R1-1716408 from RAN1 #AH3. In RAN1 AH3 [1], the following agreements were made regarding SRS design:
Agreement:
Confirm the working assumption
· SRS sequence for NR is supported for up to 272 PRBs by using LTE SRS sequences generation equation
· Note: 272 PRBs corresponds to the maximum bandwidth support by NR
· FFS: On the set of supported SRS bandwidths

Agreement:
SRS ports more than 4 per SRS resource is not supported in Rel-15

Agreement:
· For antenna switching for SRS transmission within a carrier, at least support 1Tx (in the case of UE with 1T2R) and 2Tx (in the case of UE with 2T4R) antenna switching scheme 
· Design principle in LTE for SRS transmission can be a starting for the details in NR
· FFS: For the case UE with 2Tx, where one antenna have the capability of 1Tx to 3 antenna switching, and  another antenna have no switching
· FFS: SRS transmission for antenna switching and associated SRS resource / resource group configurations
· FFS: Antennas in a antenna group can transmit SRS simultaneously, and FFS on antenna indexing in each antenna group
· FFS: The relationship between SRS antenna switching and SRS resource hopping considering SRS repetition within one SRS resource
· This feature is used at least to acquire downlink channel information

Agreement
An SRS resource can be configured to occupy a location within at least the last 6 symbols in a slot.
· FFS other location in a slot or using all UL OFDM symbols in a slot depending on the results of antenna switching discussions
· From UE perspective, no FDM between SRS and short PUCCH
· From UE perspective, when PUSCH is scheduled in a slot, SRS may be configured at least after the scheduled PUSCH and the corresponding DMRS. Study further whether SRS may be configured before the scheduled PUSCH and the corresponding DMRS
Working assumption from RAN1#90 on SRS short PUCCH prioritization is confirmed
In this contribution, we discuss several aspects related to NR SRS design.
Grouping of SRS resources
It was agreed that for UL/DL CSI acquisition and beam management, a UE may be configured with K>=1 SRS resources, and the gNB may configure multiple groups, each group for different purposes. As it has been discussed already, there are three main purposes of an SRS resource: UL CSI acquisition, DL CSI acquisition, and UL Beam management. A UE may need in some scenarios to be aware of the purpose and type for each SRS resource, i.e. the group of the SRS resource if any, so that it may adjust a limited set of uplink transmission parameters, e.g., the SRS precoder that a UE may use for UL CSI acquisition may be signalled to the UE, but the SRS precoder used for DL CSI acquisition may be chosen transparently and based on UE implementation. 
Proposal 1: NR supports signalling to the UE the group/purpose for each configured SRS resource.
Introducing different groups of SRS resources allows for joint configuration of some of the parameters of the SRS resources belonging on each group. For example, SRS resources for DL CSI acquisition may be required to be transmitted with a different open loop power control offsets, compared to the SRS resources for UL CSI acquisition which need to follow the PUSCH power control. To describe a specific example, consider the case that a UE with 2 TX/RX antennas, has been configured to transmit:
1) Data with one port on the uplink using DFT-S-OFDM waveform, along with a periodically transmitted SRS resource for UL CSI acquisition
2) One SRS resource for DL CSI acquisition with two ports which is aperiodically configured and transmitted. For the latter, the UE is picks a transparent UL precoder to aid the gNB to the DL scheduling decisions. 
The transmit power of the UL CSI acquisition should follow the DFT-S-OFDM power control, whereas the 2-port SRS resource for DL CSI acquisition might need to follow the CP-OFDM power control due to the fact that transmitting 2-port SRS with a transparent precoder does not necessarily result in a low PAPR waveform. On the other hand, if the UE has been configured with two 1-port SRS resources which are TDMed, if a wideband transparent precoder is used, the waveform could still have low PAPR, in which case the transmit power of the 1-port SRS resource for DL CSI acquisition may again follow the DFT-S-OFDM power control with a different or same transmit power set point compared to the SRS resource for UL CSI acquisition. 
Proposal 2: NR supports configuring SRS-group-specific UL power control parameters. 
Since LTE Rel-10, a UE may be configured to transmit SRS on multiple antenna ports of a serving cell.  The number of antenna ports may be configured by higher layer signalling.  A UE configured for SRS transmission on multiple antenna ports shall transmit SRS for all the configured antenna ports within one SC-FDMA symbol of the same subframe.  A real-world multi-antenna UE, however, may have dissimilar radiation patterns at different antenna ports due to mutual coupling.  Sounding imbalanced antennas may lead to inefficient power utilization.  As the MIMO channel between the imbalanced UE antennas and the eNB antennas could be rank-deficient, sounding all UE antennas can be a waste of power.  Especially for the cell-edge UEs, the limited transmit power should be allocated to some “good” antennas, instead of splitting the power on all UE antenna ports.  Allowing for non-transparent SRS port/antenna/resource selection by the UE means that the UE will transmit in the uplink an indication that it transmitted with fewer ports/antennas/resources than what it has been configured. At least for downlink-oriented SRS resources, we consider such indication wasteful of the limited uplink resources on the uplink. Also, the eNB will measure the channels and find out that the channels resulting from the SRS resources that were not used are of very low quality, in which case it could schedule the UE with fewer ports in the next slot. 
Proposal 3: At least for SRS resources for DL CSI acquisition, transparent dynamic SRS port/antenna/resource UE selection is supported.
Sounding bandwidth
Similarly to LTE, it has been agreed that the SRS sounding bandwidth for NR is multiple of 4 PRBs with the smallest SRS bandwidth to be 4 PRBs. In this section, using LTE as the starting point, we provide our proposal on the SRS bandwidths that NR should support. In LTE, the cell-specific SRS bandwidth configuration ( was used to configure different tree-like structures for different uplink BW configurations. Then, the UE-specific parameter  was used to signal to the UE the SRS BW transmission inside the chosen cell-specific tree-like structure. In NR both those parameters are chosen to be UE-specific, and in NR we do not see the necessity of introducing many different tables. For this reason, we propose the following table based on the following design principles:
1) All the trees from LTE are supported (shown in green).
2) The same maximum depth of the trees as in LTE is supported.
3) Across consecutive trees in the table the distance is of the order of 8 or 12 PRBs. 
4) For several of the trees, the first two sub-trees have 2 leafs each, so that a UE can be configured with a 4-symbol SRS resource to sound all the wideband of the specific tree. For example, a tree with a wideband of X PRBs, in the first level has 2 leafs with X/2 PRBs, and in the second level, 4 leafs with X/4 PRBs.
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Table 1: Proposal on the supported sounding BWs for NR
Proposal 4: NR supports at least the sounding BWs and SRS sounding trees shown in Table 1. 
SRS resource pattern
Based on the discussion, a UE can be configured with at least one sounding resource for SRS transmission on a set of ports.  The sounding resource shall span a number of consecutive PRBs in frequency, so that there are sufficient number of observations to achieve certain processing gain. On the number of SRS antenna ports per SRS resource, we do not see in the current stage the need of supporting an SRS resource with 3 or 8 antennas, in addition to 1, 2 and 4. 
Proposal 5: An SRS resource does not span non-adjacent symbols inside a slot.

Proposal 6: NR supports comb-2 and comb-4 with at up to 8 and 12 cyclic shifts respectively (similar to LTE). 

Proposal 7: A UE may be configured with SRS ports in a SRS resource which are multiplexed either through FDM or through cyclic shift on the same comb (similar to LTE).
SRS channelization
It has been an agreement to support TDMing of SRS and short PUCCH, and a working assumption to use a prioritization rule. FDMing of SRS and short PUCCH should not be supported in Rel-15 due the very significant MPR implications that such an agreement would result into when SRS and short PUCCH are non-adjacent. Actually, RAN4 currently discusses the option of non continuous allocation on UL CP-OFDM for PUSCH and PUCCH, due to similar discussions that are currently taking place in the control agenda item. We believe that non-continuous UL CP-OFDM results in RF implications which are needed to be discussed thoroughly in RAN4 before there is an agreement that allows FDMing SRS and short PUCCH. Based on the above, we propose the following:

Proposal 8: On the prioritization rule of short PUCCH and SRS from UE perspective, in Rel-15 supports to only prioritize short PUCCH over SRS.
SRS Frequency hopping in NR
In LTE frequency hopping can be configured for periodic SRS in order the UE to sound a specific subband in the last OFDM symbol of each subframe for a series of subframe. An efficient assignment of distributed FDMA signals is necessary, and in LTE, this problem was addressed by invoking OVSF code assignment in W-CDMA.  A good explanation of such a tree and the agreed hopping formula in LTE can be found in [3].

Note that in LTE, frequency hopping was not possible for aperiodic transmission. However, in NR, since an SRS can be transmitted in the last 6 symbols of a slot, frequency hopping should also be supported for aperiodic intra-slot hopping, where the hopping starts and ends on the same slot. Such a configuration would allow for quick CSI acquisition whenever the UE is capable of performing such transmissions.  

Proposal 9: In NR, within a component carrier, support aperiodic, periodic and semi-persistent intra-slot SRS sounding of N=2 and N=4 non-overlapping equal-sized subbands of the same active BWP by configuring a UE with one SRS resource spanning N adjacent symbols.
· NR supports the same hopping formula as in LTE.
· Note: All N transmissions occur inside the same slot.

Proposal 10: NR supports configuring a periodic and semi-persistent SRS resource for inter-slot sounding on the same symbol location(s) of each slot. When hopping is configured, NR re-uses the same hopping formula as in LTE. 
SRS Antenna switching in NR within a carrier
An LS from RAN4[2] describes the following constraints when it comes to SRS antenna switching for NR. We are repeating the statements in this document for completeness: 
· In general, SRS can be sent on consecutive symbols on the same antenna port. If SRS power is different between consecutive symbols, same timing constrains apply what was indicated in [2]. 
· For sounding different antenna ports, RAN4 has agreed that antenna switching time is 15 usec. 
· For UL MIMO capable UE configured with UL MIMO, there is a possibility for simultaneous sounding of different ports and the total transmission time is shorter. 
· For intra-band UL CA cases, since the reference architecture is single PA, SRS cannot be transmitted simultaneously for different carriers at different antenna port. 
· If UE is in BW reduction mode and if other BWPs must be sounded, times for changing BW, retuning LO or waking up a new TX chains have already been sent to RAN1 in LS [1].
· For UE capable of antenna switching but not UL MIMO, UE may use the diversity RX antennas to send SRS. Since the Rx antennas can be located in far corners of the device compared to the primary Tx antennas, there may be additional losses between PA output and antenna feed points. Therefore, UE max power capability of the Rx antenna ports may be reduced. RAN4 is seeking guidance if UE should compensate for the power difference in the case the Rx port transmit power after compensation is lower than maximum output power capability of the Rx antenna ports or keep the same reduction at all power levels. 
Action to RAN1:
· RAN4 would like RAN1 to consider the discussion above for their design in SRS hopping. RAN4 is also requesting information what is expected UE behaviour for compensating the power difference between primary Tx antenna ports and Rx antenna ports. 

Based on the above, it is clear that in order to support intra-slot antenna switching for intra-band UL CA cases, the UE would need to be configured with multiple one-symbol and one-port SRS resources such that enough gap between any two is assigned. 
Proposal 11: On the framework for NR SRS antenna switching inside a component carrier:
· NR defines the notion of “Antenna port group for antenna switching purposes” which contains port(s) which can be sounded simultaneously by a UE capable of SRS antenna switching. 
· For an UL MIMO capable UE, the antenna port groups may at least depend on whether a UE is configured with UL MIMO.
· For a UE capable of antenna switching but not UL MIMO, support semi-static signaling informing the network for the power difference across different SRS antenna ports for all power levels.
Intra-slot SRS antenna switching in NR within a component carrier
There are three different architectures how UE can sound all four antenna ports depending on numbers of PAs UE has. In Figure 1, architectures are shown. Reader should note that this is just conceptual for this case and e.g. duplexers and antenna switches needed to include more than one band have been left out.  
[image: ]
Three different UE architectures for sounding all four antenna ports, one PA in (a), two PA (UE supports UL-MIMO) in (b) and four PA in (c)
Single PA architecture
For all cases, SRS for Antenna 1 can be sent whenever it is scheduled given other constrains such and LO and BW retuning. For one PA architecture, Antenna 2 can be sounded after PA power has ben ramped down, switch state has to be changed and then PA can power can be ramped again up. During this process, OFF power does not need to be reached since PA can be disconnected from the antenna. Note that 15 usec are needed between the end of the previous SRS to the beginning of next SRS, which is well below one symbol length of 60 kHz SCS (17.8 usec) and therefore the following pattern can be created to sound all antennas. This means that all four antennas can be sounded within 7 symbols. 
[image: ]
For UE architecture with two PAs, the pattern for SRS is even shorter since two antennas can be sounded simultaneously. One symbol in between is needed for switching.
Proposal 12: Inside a component carrier, NR supports intra-slot antenna switching by configuring a UE with multiple SRS resources with appropriate timing gap, each resource used for sounding the antennas of one antenna port group.
· In order to support 1Tx/4Rx intra-slot antenna switching, the last 7 symbols of a slot should be allowed for SRS transmission
· In scenarios of intra-slot antenna switching, a UE does not transmit any other signal during the timing gap dedicated for antenna switching. 
SRS antenna switching in scenarios of more than one CA
In scenarios of antenna switching in one component carrier while concurrent transmission is happening in a different carrier (e.g., NR carrier with LTE, or NR carrier with another NR carrier), special considerations need to be taken into account, since the UE might not be possible to transmit on one antenna port in one carrier while switching on the other. Similar considerations were recently taken into account also in LTE Rel-14, and should also be discussed for Rel-15. Similar proposal was made in a previous meeting for LTE [5]. As in the case of LTE, there is a need to introduce a signaling from the UE to the eNB to (at least) partially expose some limited high level description of the RF architecture:
· One option to solve these issues would be to signal the support of SRS switching for each band in each band combination. In the cases mentioned above, the UE may signal ‘no support’ of SRS switching if two of the bands show some of the issues. This solution, however, does not solve issue#1, and will result in reduced TDD throughput when the FDD carrier is heavily scheduled. 
· A second option would consist of more precise description of the switching capabilities of the UE. For example, for each band combination, we can signal which bands in each combo will switch together. Also, it is possible that the DL of some bands will switch together with the UL of another band, so separate signaling for this is also needed.

Proposal 13: Adopt one of the following signaling schemes for Tx antenna selection:
· Option 1 (preferred):
0. For each band combination, signal which bands support Tx antenna selection. For each of the bands that support Tx antenna selection:
0. For each uplink band, signal all the bands for which UL switches together (thus same port has to be enforced)
0. For each uplink band, signal all the bands for which DL switches together (thus introducing a ‘glitch’ in the DL reception)
0. FFS: If antenna selection is supported for the band combinations with ‘glitches’ or is signaled/considered as not supported.
· Option 2:
· For each band combination:
0. For each band, signal if Tx antenna selection is supported.
0. For the bands that support Tx antenna selection, ‘same port’ has to be enforced.
Conclusions 
We propose:

Proposal 1: NR supports signalling to the UE the group/purpose for each configured SRS resource.
Proposal 2: NR supports configuring SRS-group-specific UL power control parameters. 
Proposal 3: At least for SRS resources for DL CSI acquisition, transparent dynamic SRS port/antenna/resource UE selection is supported.
Proposal 4: NR supports at least the sounding BWs and SRS sounding trees shown in Table 1. 
Proposal 5: An SRS resource does not span non-adjacent symbols inside a slot.

Proposal 6: NR supports comb-2 and comb-4 with at up to 8 and 12 cyclic shifts respectively (similar to LTE). 

Proposal 7: A UE may be configured with SRS ports in a SRS resource which are multiplexed either through FDM or through cyclic shift on the same comb (similar to LTE).

Proposal 8: On the prioritization rule of short PUCCH and SRS from UE perspective, Rel-15 supports only prioritizing short PUCCH over SRS.

Proposal 9: In NR, support aperiodic, periodic and semi-persistent intra-slot SRS sounding of N=2 and N=4 non-overlapping equal-sized subbands by configuring a UE with one SRS resource spanning N adjacent symbols.
· NR supports the same hopping formula as in LTE.
· Note: All N transmissions occur inside the same slot.

Proposal 10: NR supports configuring a periodic and semi-persistent SRS resource for inter-slot sounding on the same symbol location(s) of each slot. When hopping is configured, NR re-uses the same hopping formula as in LTE. 
Proposal 11: On the framework for NR SRS antenna switching inside a component carrier:
· NR defines the notion of “Antenna port group for antenna switching purposes” which contains port(s) which can be sounded simultaneously by a UE capable of antenna switching. 
· For an UL MIMO capable UE, the antenna port groups may at least depend on whether a UE is configured with UL MIMO.
· For a UE capable of antenna switching but not UL MIMO, support signaling informing the network for the power difference across different SRS antenna ports.

Proposal 12: NR supports intra-slot antenna switching by configuring a UE with multiple SRS resources with the appropriate timing gap, each resource used for sounding the antennas of one antenna port group.
· In order to support 1Tx/4Rx intra-slot antenna switching, the last 7 symbols of a slot should be allowed for SRS transmission
· In scenarios of intra-slot antenna switching, a UE does not transmit any other signal during the timing gap dedicated for antenna switching. 

Proposal 13: Adopt one of the following signaling schemes for Tx antenna selection:
· Option 1 (preferred):
0. For each band combination, signal which bands support Tx antenna selection. For each of the bands that support Tx antenna selection:
1. For each uplink band, signal all the bands for which UL switches together (thus same port has to be enforced)
1. For each uplink band, signal all the bands for which DL switches together (thus introducing a ‘glitch’ in the DL reception)
1. FFS: If antenna selection is supported for the band combinations with ‘glitches’ or is signaled/considered as not supported.
· Option 2:
· For each band combination:
1. For each band, signal if Tx antenna selection is supported.
1. For the bands that support Tx antenna selection, ‘same port’ has to be enforced.
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Appendix
Figures, text and notation for this Appendix were borrowed from [3] and [4]. This section is added as a reminder on the LTE’s formula on SRS frequency hopping. 
LTE formula for SRS frequency hopping
Basic Concept
The next figure illustrates one example of an OVSF code tree supported in LTE and it is proposed to be supported in NR (see Table 1 in Section 2.1). By implementing such an OVSF-based assignment scheme, efficient usage of distributed FDMA signals is possible. Also, it allowed an LTE the usage of a predetermined opping pattern, i.e., the hopping pattern can be derived from configured starting SRS frequency domain position, while providing optimum frequency diversity between consecutive SRS transmissions while the SRS sweeps over the whole sounding bandwidth.
 [image: ]
The next figure shows the frequency hopping method for SRSs with different bandwidths based on the LTE’s OVSF concept. In this method, a branch of the OVSF code tree is simply switched based on a pre-determined pattern. Hence, by using the hopping method, the efficient frequency hopping of SRSs with different bandwidths can be achieved while maintaining the OVSF code tree based SRS assignment. Therefore, in LTE it was to efficiently multiplex different UEs with a semi-static SRS hopping pattern and it was avoided the dynamic signalling of the hopping pattern.
[image: ]
Based on the LTE’s formula, for a tree that has 2 leafs in the first level and 4 leafs in the second level as the one shown above, it is possible to configure at least the following very important options:
· A 4-symbol SRS resource where a UE sounds all 4 non-overlaping equal-sized subbands to cover the wideband, or 
· A 2-symbol SRS resource where a UE sounds two non-overlaping equal-sized subbands to cover the wideband, or
· A N-symbol SRS resource where a UE sounds the wideband in consecutive symbols for increased processing gain. 

[image: ]
Detailed SRS hopping formula
The frequency-domain starting position of SRS, k0, is given in sub-carries. In following we assume that it is defined by



where  is an offset (in sub-carriers) related to the starting of SRS-tree (including RPF comb), LSRS is the maximum tree level in the SRS position assignment, corresponding to the assigned SRS bandwidth, Bl  is the SRS bandwidth (in subcarriers) on tree level l (i.e. Bl = RPF x the length of the SRS sequence on level l) and nl is the SRS frequency position assignment index on tree level l. The frequency-domain starting position for a hopping SRS can be defined with the same equation as for the SRS without frequency hopping. Then the proposed frequency hopping pattern is given in terms of nl:





where  is the SRS starting frequency position assignment index given in dedicated RRC signaling,  is the number of  new branches per a branch on the assignment tree level l (On OVSF code tree,  =2), and


, if  even


, if  odd.
Variable t = 0, 1, 2,… is a running time index for SRS transmissions. An example of the resulting hopping pattern is shown on Figure 2.
[image: ]
Illustration of SRS frequency hopping pattern from [4].
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