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[bookmark: _Ref178064866]In this contribution, we address some remaining details on the SRS design. Agreements from previous meetings to which we refer are contained in the Appendix.
Discussion
Time-domain configuration of periodic/semi-persistent SRS resource
In RAN1 #89, it was agreed that a given periodic or semi-persistent SRS resource is configured with a slot-level periodicity and slot-offset. In RAN1 #90bis, it was agreed that NR supports gNB to configure SRS resource in time domain only by UE-specific parameters, e.g., by {SRS-SlotConfig, SRS-ResourceMapping}. The parameter SRS-SlotConfig contains periodicity and slot offset for periodic/semi-persistent SRS. Moreover, it was agreed that the LTE SRS configuration tables are starting point for NR SRS configuration table design. Also, it was agreed that at least 2, 5, 10, 20, 40, 80, 160, 320 slots periodicity are supported for 15 kHz SCS. 
Let us assume that the same slot periodicities that were agreed for 15kHz SCS are also adopted for all the other SCS supported by NR. Since the subframe duration is fixed to 1 ms in NR, when the SCS is  kHz, where μ = {0,1,2,3,4,5}, the number of slots per subframe is . The effect is then that for a given periodicity measured in slots, the sounding becomes  times faster in absolute, i.e. time, units, while the sounding overhead per slot remains constant.
The wide range of SRS periodicity values already defined is needed to support the requirements of the diverse use cases SRS is used for, i.e., channel-dependent scheduling, link adaptation, uplink precoding, beam management, reciprocity-based precoding… The values at the low end of the range are intended to meet the toughest requirements on channel estimation, such as the ones imposed by the use case of reciprocity-based precoding adapting to fast fading. From first principles, the channel coherence time is inversely proportional to the carrier frequency. So as carrier frequency increases, faster sounding is required to maintain the same level of channel quality. Assuming that the adopted SCS for practical deployments scales roughly at same rate as the carrier frequency, we conclude that adopting the same slot periodicities for all SCS is well motivated. 
For illustrative purposes, a back-of-the-envelope calculation of the coherence time in number of slots is given in Table 1, for some indicative values of carrier frequency f, SCS Δf, and UE velocity v. 
Table 1 Ballpark channel coherence time in slots
	
	f = 2 GHz, Δf = 15 kHz
	f = 3.5 GHz, Δf = 30 kHz
	f = 28 GHz, Δf = 120kHz

	v = 3 km/h
	45
	51.4
	25.7

	v = 30 km/h
	4.5
	5.1
	2.6



We observe that the channel coherence time is several slots long, at least for pedestrian velocities. So, sounding periodicities at the low end of the range should be sufficient even for the toughest use case requirements. In any case, further SRS capacity can be achieved by configuring multiple SRS resources.  
Support at least 2, 5, 10, 20, 40, 80, 160, 320 slots periodicity for all SCS in NR.
While faster sounding has positive effects on enabling tracking the channel variations, it comes with a cost, mainly on the UE energy consumption. Even the largest periodicity of 320 slots, for high SCS becomes unnecessarily fast for some use cases whose requirements are met with low periodicity. For example, when SCS is 120 kHz, 320 slots correspond to 40 ms periodicity. For the time periods that there are no other uplink transmissions, apart from SRS, the effect of such frequent SRS transmissions on energy consumption can be significant. We observe, that for the SCS higher than 15kHz, additional values of the SRS periodicity are needed to enable longer DTX cycles and thus reduce the UE battery consumption. In order to be on par with LTE, at least up to 120 kHz SCS, NR needs to support the additional periodicity values {640, 1280, 2560}. While these periodicities are relevant for the high SCS, there is no need to place restrictions in the NR specification on what values should be chosen based on the SCS, but that can be left to implementation.
[bookmark: _Hlk498735305]In addition to {2, 5, 10, 20, 40, 80, 160, 320}, NR also supports slot periodicity values {640, 1280, 2560}. 
In LTE, the SRS time configurations are given in separate tables for FDD and TDD. This is because for TDD there are only 7 UL/DL subframe configurations supported and special care needs to be taken when configuring the SRS subframe offsets to enable the 2 ms periodicity. In NR, dynamic TDD is supported, so at least in principle, it should be possible to determine the SRS time configurations transparently to TDD and FDD. 
UE-specific SRS slot periodicity and slot offset tables are transparent to TDD and FDD.
However, due to several limitations, not all possible TDD configurations are supported. The allowed slot formats are being listed in a long table of supported slot formats in Sec. 4.3 of 38.211. In order to decouple the SRS time configurations from the supported slot formats, a rule is needed to prevent a UE from attempting an SRS transmission in instances when the SRS resource is not within a configured UL slot.
For TDD, the transmission of periodic/semi-persistent SRS resources is dropped in the slots that are not configured for UL transmission.
Given the rule in Proposal 4, there is no significant reason to restrict the SRS slot offset. We note (see Table 3 below) that even with the additional periodicities of Proposal 2 and for all possible SRS slot offsets, the RRC overhead increases from 10 bits in LTE to 13 bits.
Support all possible SRS slot offsets for each SRS periodicity, i.e., for periodicity value P, support slot offsets 0 … P-1.
Collectively, the agreements from the last meetings and the Proposals 1 to 5 lead to the time-domain configuration of SRS resource given in Table 2. Note that differently to LTE, but according to the agreements, both the SRS periodicity and SRS offset are defined in slots. 
Table 2 UE-specific SRS slot periodicity and SRS slot offset
	SRS Slot Configuration Index ISRS
	SRS Slot Periodicity TSRS 
	SRS Slot Offset Toffset
	Comment

	0 – 1 
	2
	ISRS
	Same as LTE (trigger type 0)

	2 – 6 
	5
	ISRS – 2 
	Same as LTE (trigger type 0)

	7 – 16 
	10
	ISRS – 7
	Same as LTE (trigger type 0)

	17 – 36 
	20
	ISRS – 17
	Same as LTE (trigger type 0)

	37 – 76 
	40
	ISRS – 37
	Same as LTE (trigger type 0)

	77 – 156 
	80
	ISRS – 77
	Same as LTE (trigger type 0)

	157 – 316 
	160
	ISRS – 157
	Same as LTE (trigger type 0)

	317 – 636 
	320
	ISRS – 317
	Same as LTE (trigger type 0)

	637 – 1276
	640
	ISRS – 637
	New in NR

	1277 – 2516
	1280
	ISRS – 1277
	New in NR

	2517 – 5076 
	2560
	ISRS – 2557
	New in NR

	5077 – 8191
	reserved
	reserved
	



Group and sequence hopping of SRS sequence generation
In LTE, when group hopping is enabled, the base sequence number v is always set to 0. That is, only 30 sequences are used during group hopping. This increases the probability that strong interference occurs if the same sequence is chosen by UEs from different cells. 
In NR, it was agreed that, similar to LTE, sequence hopping is not enabled when group hopping is enabled. But interference probability can still be reduced if not the same set of 30 sequences is used by all UEs in the cell. This can be achieved by setting v to either 0 or 1 and thus essentially use 60 sequences during group hopping. 
Support Alt2 for group and sequence hopping of SRS sequence generation. That is, if group hopping is enabled during sequence generation of SRS, support that the base sequence number v is set to either 0 or 1. 
In order to further randomize the interference in the case group hopping is enabled, the choice between 0 or 1 for the base sequence number v can be made pseudo-randomly at every SRS sequence generation instance. Then, all 60 sequences are essentially used in the group hopping and the choice of which of the two disjoint 30-group sets are used is pseudo-random.  
[bookmark: _GoBack]In Figure 1 maximum averaged cross correlations for 30 and 60 Zadoff-Chu sequences are compared for different sequence lengths. We observe that in the cross correlations obtained for 30 sequences are approximately two time higher than those obtained for 60 sequences showing that it is more beneficial to use 60 sequences instead of only 30.
[image: ]
Figure 1 Cross correlation comparison
Potentially, a new method could be used to selecting root sequences that could, for example, pick root indices according to the 30/60 sequences with the lowest cubic metric, see bottom two curves in 2. This method results in at best a 1 dB cubic metric advantage for sequence lengths relevant to NR, but demands sequence length specific root indices. The correlation impact would also need some consideration in case a new root selection method was proposed.
[image: ]
[bookmark: _Ref492043898]Figure 2: Root selection comparison
For simplicity, instead we propose that the same sets of 60 sequences from LTE be used rather than performing this optimization. Based on the above observations, we make the following proposal:
Assuming that NR supports setting the base sequence number v to either 0 or 1 when group hopping is enabled, v is pseudo-randomly chosen between 0 and 1. FFS if the pseudo-random sequence and its initialization from LTE sequence hopping can be reused to set v. 
When group hopping is enabled, support UE-specific configuration of the sequence-group number u. The sequence initialization cinit of the pseudo-random sequence used for the generation of u is a function of the UE-specifically configured ID. 
When sequence hopping is enabled, support UE-specific configuration of the base sequence number v. The sequence initialization cinit of the pseudo-random sequence used for the generation of v is a function of the UE-specifically configured ID. 
In LTE, SRS resource are one symbol long in each subframe. In NR, it was agreed that the SRS resource can be 1, 2, or 4 symbols. Moreover, it was agreed that repetition is supported. In case of multi-symbol SRS resource, it would be beneficial for interference randomization purposes, to choose a different ZC root for the generation of the sequence mapped to each symbol, so that if strong interference occurs in a symbol, it would not persist for the entire resource. 
For multi-symbol SRS resources, support hopping of the base sequence per SRS symbol, e.g. by incrementing for each SRS symbol (instead for each subframe in LTE) the input to the pseudo-random sequence used in the formulas of group hopping and sequence hopping. 
SRS frequency hopping in NR
The design of SRS hopping in NR is discussed in detail in [1]. The main idea is to update the SRS counter which would depend on the symbol counter instead of the slot counter in LTE. We repeat below the proposals for completeness:
The hopping pattern should be obtained by generalization of the LTE network where SRS transmission counter should depend on the symbol counter instead the slot counter.
For intra-slot hopping combined with repetition, the repetition factor r and BSRS are set such that the full hopping bandwidth is sounded in N/r hops with Fb given by reusing the LTE hopping formulas with simple adaptation of the SRS transmission counter that accounts for number of symbols in a resource N and the repetition factor r.
For aperiodic SRS, for N=4, when hopping with repetition is configured, the repetition factor is set to 2, and the full hopping bandwidth is sounded in two pairs of OFDM symbols.
TX antenna switching configuration
NR supports (1T2R), (2T4R) and (1T4R) Tx switching for UEs with more Rx chains than Tx chains. From the point of view of specifying the behavior of TX switching, both the number of resources and the number of ports per resource need to be considered. In RAN1 #90bis, it was agreed that the UE is configured with two SRS resources which are single-port and the port of the 2nd resource is associated with a different UE antenna than the port of the 1st resource for 1T2R. For 2T4R both resources are 2-port, and the port pair of the 2nd resource is associated with a different UE antenna pair than the port pair of the 1st resource.
It was also agreed that NR supports intra- and inter-slot antenna switching for 1T4R Tx switching case. It was agreed that the UE is configured with 4 SRS resources which are all single-symbol and single-port and each port of the 4 resources is associated with a different UE antenna. Therefore, with configuration of guard intervals we would need in total 7 symbols to complete the switching. Since the SRS resources can only be included in the last 6 symbols of the slot, we need to use two slots to perform the 1T4R Tx antenna switching. Therefore, we observe the following:
To support antenna switching for SRS transmission within a carrier for 1T4R case we need to have 4 single-symbol single-port resources which are separated in time with guard intervals of one symbol each. Therefore, we need at least two slots to perform 1T4R antenna switching. 
Conclusions
We make the following proposals:
1. Support at least 2, 5, 10, 20, 40, 80, 160, 320 slots periodicity for all SCS in NR.
1. In addition to {2, 5, 10, 20, 40, 80, 160, 320}, NR also supports slot periodicity values {640, 1280, 2560}. 
1. UE-specific SRS slot periodicity and slot offset tables are transparent to TDD and FDD.
1. For TDD, the transmission of periodic/semi-persistent SRS resources is dropped in the slots that are not configured for UL transmission.
1. Support all possible SRS slot offsets for each SRS periodicity, i.e., for periodicity value P, support slot offsets 0 … P-1.
1. Support Alt2 for group and sequence hopping of SRS sequence generation. That is, if group hopping is enabled during sequence generation of SRS, support that the base sequence number v is set to either 0 or 1. 
1. [bookmark: _In-sequence_SDU_delivery]Assuming that NR supports setting the base sequence number v to either 0 or 1 when group hopping is enabled, v is pseudo-randomly chosen between 0 and 1. FFS if the pseudo-random sequence and its initialization from LTE sequence hopping can be reused to set v. 
1. When group hopping is enabled, support UE-specific configuration of the sequence-group number u. The sequence initialization cinit of the pseudo-random sequence used for the generation of u is a function of the UE-specifically configured ID. 
1. When sequence hopping is enabled, support UE-specific configuration of the base sequence number v. The sequence initialization cinit of the pseudo-random sequence used for the generation of v is a function of the UE-specifically configured ID. 
1. For multi-symbol SRS resources, support hopping of the base sequence per SRS symbol, e.g. by incrementing for each SRS symbol (instead for each subframe in LTE) the input to the pseudo-random sequence used in the formulas of group hopping and sequence hopping. 
1. The hopping pattern should be obtained by generalization of the LTE network where SRS transmission counter should depend on the symbol counter instead the slot counter.
1. For intra-slot hopping combined with repetition, the repetition factor r and BSRS are set such that the full hopping bandwidth is sounded in N/r hops with Fb given by reusing the LTE hopping formulas with simple adaptation of the SRS transmission counter that accounts for number of symbols in a resource N and the repetition factor r.
1. For aperiodic SRS, for N=4, when hopping with repetition is configured, the repetition factor is set to 2, and the full hopping bandwidth is sounded in two pairs of OFDM symbols.
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Appendix – Agreements from previous meetings
Agreements:
· Support SRS sequence ID to generate SRS sequences where SRS sequence ID is UE specifically configured using
· RRC
· FFS: UE specific ID (example: C-RNTI) which can be overwritten by RRC signaling
· FFS: for combination of RRC and DCI
· Root(s) of Zadoff-Chu based sequence(s) of an SRS sequence is at least a function of SRS sequence ID
· FFS on details of the function, 
· Examples: 
· The function is parameterized only by SRS sequence ID
· The function is parameterized by SRS sequence ID, length of SRS sequence, SRS sequence scheduled time
· The function is a random number generator, intended for sequence hopping, with a SRS sequence ID as a random seed
· The function is parameterized by SRS sequence ID, scheduled time and frequency location of the SRS sequence
· FFS: sub-time-units for SRS (if supported),  SRS sequence generation details, e.g., block wise sequence generation and concatenation (one/multiple roots), long sequence based designs (one root), etc.
Agreements:
· For the purposes of DL/UL CSI acquisition and beam management
· A UE can be configured with K >= 1 SRS resources where
· A given X-port SRS resource spans N = 1,2, or 4 adjacent symbols within a slot where all X ports are mapped to each symbol of the resource
· FFS whether or not support N adjacent sub-time-units
· FFS whether or not to additionally support non-adjacent symbols/sub-time-units
· FFS whether to not to additionally N>4
· FFS the details for transmission of SRS (e.g., w.r.t., beams, etc.) within the N symbols/sub-time-units
· FFS whether or not/how to support antenna switching using SRS
· A given SRS resource can be configured as aperiodic, periodic, or semi-persistent, where
· Periodic: The resource is configured with a slot-level periodicity and slot-offset
· Semi-persistent: The resource is configured with a slot-level periodicity and slot-offset
· Multiple SRS resources can be activated/deactivated with a single message
· FFS: Activation/deactivation details
· Aperiodic: The resource is configured without a slot-level periodicity and slot offset
· Multiple SRS resources can be triggered with a single message
· Note: For periodic/semi-persistent, different resources may have different periodicities and/or slot offsets
· FFS the location(s) of SRS symbol(s) within a slot
· FFS: Configuration details including grouping of SRS resources to allow low signaling overhead for indicating allocated SRS resources
Agreement:
NR supports intra-slot and inter-slot frequency hopping within a BWP.
FFS: if the same hopping formula as in LTE can be used
FFS: aperiodic/semi-persistent/periodic SRS for each hopping type (intra-/inter-slot)
FFS: number of OFDM symbols per SRS resource for each hopping type (intra-/inter-slot)
FFS: Whether independent ON/OFF configurations for intra-slot and inter-slot frequency hopping for one SRS resource
Agreement:
[bookmark: _Hlk498471030]NR supports gNB to configure SRS resource in time domain only by UE-specific parameters, e.g., by {SRS-SlotConfig, SRS-ResourceMapping}
Agreement
For group and sequence hopping, both group hopping and sequence hopping are supported as in LTE
Slides 13, 14, 15 in R1-1718968 are agreed.
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Agreement:
An X-port SRS resource spans N = 1, 2, or 4 adjacent OFDM symbols within the same slot where all X ports are mapped to each symbol of the resource
When frequency hopping only is configured, the X ports are mapped to potentially different sets of subcarriers in each OFDM symbol of the resource, depending on the hopping pattern
For N = 4, frequency hopping + repetition can be configured where the the X ports are mapped to a different set of subcarriers in the second pair OFDM symbol(s) of the resource
Note: Symbol pairs are adjacent
Note: same comb is assumed for different sets of subcarriers
Note: hopping pattern is within the tree structure defined by a given C_SRS, B_SRS, and b_hop
Note: When repetition only is configured, the mapping is covered by previous agreement in RAN1#90:
“Each of the X ports are mapped to the same set of subcarriers in the same set of PRBs in the N SRS symbols.”
NCP SRS resource definition is reused for ECP
FFS: SRS transmission repetition within a slot can be at different power levels to account for relative phase discontinuities from multiple UE Tx chains
Agreement
LTE SRS configuration tables are starting point for NR SRS configuration table design.
[bookmark: _Hlk498472501]At least 2, 5, 10, 20, 40, 80, 160, 320 slots periodicity are supported for 15KHz SCS
FFS on additional periodicities for other numerologies
FFS: supported slot offset for each supported numerology
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Proposal

Frequency Hopping within a BWP
 Offine agreement:

» Foran N =2 or 4 symbol aperiodic SRS resource, NR supports intra-slot hopping within a BWP
~ Note: al N OFDM symbos are adjacent and within the same siot by definiion of an SRS resource
~ When frequency hopping onl is configured
In each of the N OFDM symbas of the SRS resource, an equak-size subband ofthe hopping bandwidth is sounded, and the ful
hopping bandwidth is sounded across the N OFDM symbols
~ For N = 4,when frequency hopping + repetfion is configured
" In each peir of OFDM symbos of the SRS resource, an equak-size subband of the hopping bandidth is sounded, and the ful
hopping bandidth is sounded across the two pars of OFDM symbols
~ The NR hopping formuia design uses the LTE hopping formula as a startng point
» Foran N symbol periodic or semi-persistent SRS resource, NR supports
= N'= 1:nter-siot hopping within & BWP
- N=20r4: intra-siot + inter-slot hopping within & BWP
Repetiion can be configured: FFS detai, €.g. trough a repetton factor € {1,2.4) where 1 <N
Note: repetiion first, hopping second as per definion of SRS resource
~ In each sit, the N-symbol SRS resource occuples the same symbol location(s)
- The NR hopping formuia design uses the LTE hopping formula as a startng point
» FFS: if partial sounding of a subband of the hopping bandwidth is supported
s o8 G SOURCING of K copliguous RBS where K < BW of subband. avoiding modification of hopping formule,
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Proposal

Tx Antenna switching

 Offine agreement
» For 1T2R or 2T4R antenna swiching within an active BWP of a component cartier, NR supports inter-siot and inira-siot antenna swiching
~ The UE is configurad with two SRS resaurces which are bofh 1 symbol or both 2 5ymbss, where
 For 1T2R: Both resources are snge-por, and the port o the 2nd Is assosited wiha e than the portof the 1t
 For 2T4R. Bothresources are 2:por and the por pair of the 2nd resorce i associated with  ciferent UE antenta pair than the potgai ofthe 15t
- For tersit amema swiching, he two SRS resources are TOMTG at lot el
- For inra-slot antenna swichig, the two SRS resources are TOMd. They may be confgured with a guard period of Y symbols I between to ccourt for
the T swiching transien ime (.. enough symbols to acsoun for 15 us according to RANA, based on UE capabity)
- The UE does not transmit any oter sgnalcuring te guard period
- For inra-sit. aperodis iggering of the two SRS resources confgured for antemna swichog i supported. FFS: aperid tiggering for nter-sot
» NR supporls 1T4R antenna swiching within an active BWP of a component carrier
~ The UE is confiured with 4 SRS resaurces which are alsigle-symbal and single-part
 Each portof e 4 resources i associated with a diferent UE antemna
~ FFS: Iner-fotra-slot swiching
- FFS: Aperiodic iggerng f the 4 SRS resources
+ FFS: how to provide the eNB with UE requirements on the number of SRS resources and the number of ports per resource or the
purposes of Tx antenna swiching
» FFS: UE behaviour in Gase of power difference between primary T antenna(s) and secondary Rx antenna(s)
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Proposal

Sequence hopping and number of root sequences

» Offline agreement:
» Down-select one of the following alternatives for group hopping and sequence
hopping
~ Alt-1: 30 sequence groups with 1 or 2 root-sequences per group
- If group hopping is enabled, v = 0
 If sequence hopping is enabled, group hopping is disabled
- Alt-2: 30 sequence group with 1 or 2 root-sequences per group
> If group hopping is enabled, v can be 0 or 1
- FFS how to switch the value of v during group hopping
- If sequence hoping is enabled, group hopping is disabled
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