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Introduction
In RAN1#88, the following agreement was made:
Agreement 1:
· NR supports periodic and semi-persistent NR-SRS transmission. 
· Note aperiodic SRS transmission has been agreed 
· Out of K ≥ 1 configured NR-SRS resources:
· For aperiodic transmission, the UE can be configured to transmit a subset of or all K NR-SRS resources with no precoding, the same or different precoding
· For periodic and semi-persistent transmission, the UE can be configured to transmit K NR-SRS resources with no precoding, the same or different precoding
· FFS details related position & timing of SRS transmission (including configurable)
· NR supports SRS transmission including 
· Number of SRS ports are 1, 2, 4, FFS 3, 8 (possibly other values)
· Comb levels are 2 and 4
· Configurable frequency hopping (details FFS)
· Clarify the following agreed configurations are applicable to each NR-SRS resource from K configured NR-SRS resources:
· NR-SRS bandwidth
· Number of CP-OFDM/DFT-S-OFDM symbols
· Number of SRS ports
· Comb level
Agreement 2:
· To down-select one method for NR SRS sequence generation based on at least the following alternatives:
· Alt-1: SRS sequence is a function of the sounding bandwidth and does not depend on the sounding bandwidth position or the PRB position. 
· Sequence design and other design details are FFS.
· Alt-2: SRS sequence is a function of the sounding bandwidth position or the PRB position. 
· Sequence design and other design details are FFS.
· Taking into account metrics such as PAPR, capacity/flexibility, etc.
· Other parameters, if any, determining SRS sequence are FFS (e.g. SRS sequence ID)
Agreement 3:
· NR considers SRS transmissions with sequences achieving low-PAPR and possible multiplexing of SRS with different SRS bandwidths in the same symbol 
· FFS details
· NR supports frequency hopping within a partial-band for a UE
· At least hopping with a granularity of subband
· FFS other cases
· FFS SRS hopping among partial-bands

[bookmark: _Ref178064866]In this contribution we discuss the current agreements on SRS, the implications, and the important design criteria for the SRS sequence design. We focus here on the sequence design for SRS as this is an import mile-stone for moving the SRS work forward. In particular, agreeing on the most prioritized use-cases supported by SRS is needed. Such short-list would simplify the design, and aid decisions related to, e.g., trade-off between flexibility in scheduling and sequence Cubic Metric/PAPR.
Discussion
General observations on the main use-cases and SRS requirements
In general, the SRS design should be flexible enough to support many different scenarios and use-cases. We will here elaborate on which of these use-cases pose the strictest requirements on the performance of the SRS. Identifying, and agreeing, on these use-cases can simplify the evaluation of different SRS design alternatives, where the key is to focus on the ones with most stringent performance requirements. 
One performance metric that is already agreed, and central to reference signal sequence design, is the Cubic Metric (CM) and the related peak-to-power average ratio (PAPR) values of the SRS sequence. On the contrary, what has not been discussed is in which scenarios these metrics are evaluated. For example, if you only consider the cubic metric of a single sequence, the CM is effectively only evaluated for the case when the UE is only transmitting a single port per power amplifier (PA). If multiple ports was used the sum-signal of these would exhibit some other CM and PAPR. For non-precoded SRS, and single port precoded SRS this is clearly the valid evaluation case, but for other cases, the CM depend on the mapping of the ports to SRS resources. For example, mapping to multiple OFDM symbols and transmitting only one port per OFDM symbol gives a good CM, and is hence good for e.g. phase only precoding that utilize equal power per PA.
[bookmark: _Toc478045056]Different SRS configurations can impact the choice of SRS sequence design, for example, with respect to CM and PAPR.
In case of other performance requirement, it is probable that the most stringent use-case is reciprocity based operation with an advanced interference suppressing down-link pre-coders. This is due to that it has both a very high capacity requirement, and a high channel estimation quality requirement. Other use-cases such a TX/RX beam-selection, link adaptation, frequency selective scheduling in UL, are all important but probably have lower requirements on the SRS. Hence these use-cases can be solved given that we can solve the reciprocity operation use-case, although the overhead can become larger than necessary. With support for overhead reduction, down-selection in the density of the SRS can be performed, based on a design that can support reciprocity based operation.
[bookmark: _Toc478045057]The dimensioning of the SRS is driven by the most stringent scenario, which will in NR probably be reciprocity operation with advanced DL pre-coding.
In reciprocity operation, one of the key enablers for target capacity and estimation quality, compared to LTE, is to increase power budget and increase sounding capacity. In reciprocity, all co-scheduled users need a high quality channel estimate, and a low delay between channel estimation based pre-coder calculations and DL transmission. Both requirements can be solved using multiple SRS symbols in a single slot, and support for frequency hopping over these OFDM symbols. Note that frequency hopping could be simple time domain repetition, to increase the channel estimation accuracy for a given set of PRBs or to test multiple beam-forming options.
[bookmark: _Toc477878786][bookmark: _Toc477878816][bookmark: _Toc477951298][bookmark: _Toc477951303][bookmark: _Toc477951308][bookmark: _Toc478027962][bookmark: _Toc478043327][bookmark: _Toc478045049]NR SRS support single slot sounding of the carrier bandwidth using multiple OFDM symbols and frequency hopping within the slot.
SRS sequence design given current agreement
Previously in [1] we have described a block concatenated SRS sequence design, which is a promising sequence design both for high flexibility and performance. This block concatenated design utilizes Zadoff-Chu sequences per block. It is still an open question how many different SRS sequences that are needed in NR, but for the sake discussion, we will assume 30 sequences as in LTE. We further stipulate here that to maintain good scheduling flexibility we should allow a minimum SRS allocation of 4 PRBs.
[bookmark: _Toc477877738][bookmark: _Toc477878787][bookmark: _Toc477878817][bookmark: _Toc477951299][bookmark: _Toc477951304][bookmark: _Toc477951309][bookmark: _Toc478027963][bookmark: _Toc478043328][bookmark: _Toc478045050]The minimum SRS resource is 4 PRBs. 
This implies that, if you use 4 PRB as the minimum resource for NR with a Comb 4 or 2, each sequence block is either 12 or 24 long. Therefore the number of extended Zadoff-Chu sequences is either 10 or 22, that is, less than 30. This implies that this type of sequence design is not applicable if the minimum scheduling granularity is strictly 4 PRBs. Other block-concatenated constructions could also be considered, e.g., by increasing the scheduling granularity to 8 or 16 PRBs, or reducing the number of sequences, but these are not discussed further here as this is just one type of resource specific sequence construction. We will instead discuss and exemplify two families of SRS sequences; the non-resource specific family, and the resource specific family.
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[bookmark: _Ref477433798]Figure 1: Sequence generation for SRS on a 100 PRB carrier with Comb 4
The difference between the two types is how the complex sequence value r(…) shown in Figure 1 is mapped to the nth resource element of the SRS resource.
Resource Specific Design
For the case of a resource specific design, which we interpret to be Alt 2 in Agreement #2 above, the base sequence values mapped to the SRS resource are a function of the PRB position of the SRS resource in the frequency domain. Further, we interpret Alt 2 to also mean that two SRS resources that overlap partially, share the same base sequence values in the overlap region.
[bookmark: _Ref478040911][bookmark: _Toc478043329][bookmark: _Toc478045051]SRS sequences that partially overlap in the frequency domain share the same base sequence values in the overlap region.
With this proposal, and through appropriate scheduling of SRS resources, it is possible to maintain mutual orthogonality between multiple SRS resources of different bandwidths and different PRB positions, even if some resources overlap only partially as shown in the right hand side of Figure 2.
[image: ]
Figure 2: SRS scheduling options. With the flexible assignment (right), a resource specific design (Alt 2 with the extension in Proposal 3) ensures mutual orthogonality of the SRS resources assigned to all users.
One way to achieve such a design is to first define a long sequence for the complete carrier bandwidth and configure the UE to extract a segment of the sequence that intersects the PRBs allocated to the UE. Observe that there is then a need to define, e.g., [30] such sequences (like for LTE) so that a suitable reuse distribution can be created in the network.
Second, the SRS resource is divided into a number of blocks, where a block is defined as N contiguous sequence values, e.g., N = 12 as in Figure 1. The sequence values within each block are multiplied by a cyclic phase rotation sequence (block-wise cyclic shift of the sequence values).
Finally, the SRS scheduling should be restricted such that bandwidth of each SRS resource is an integer number of blocks, and that that scheduled SRS resources always overlap by an integer number of blocks. Furthermore, different users on the same comb should be assigned different cyclic shifts. Port orthogonalization within a SRS resource may be achieved in a similar fashion. With such a design, mutual SRS orthogonality is ensured amongst all users. Such scheduling is illustrated in the right hand side of Figure 2.
Non-Resource Specific Design
For the case of a non-resource specific design which we interpret to be Alt 1 in Agreement #2 above (LTE-like design), the base sequence values mapped to the SRS resource are a function of the bandwidth of the SRS resource and not the PRB position. The implication of this is that two resources of the same bandwidth that partially overlap can have different sequence values in the overlap region. This means that even if cyclic shifts are applied in a block-wise fashion within the overlap regions, orthogonalization may not be achieved due to the different base sequence values. Then, the only way to ensure mutual orthogonality amongst all users is to impose more severe scheduling restrictions than one would need with Alt2, e.g., by allowing only full overlap or no overlap amongst SRS resources. Such inflexible scheduling is illustrated in the left hand side of Figure 2.
Based on above discussion we propose the following:
[bookmark: _Toc478043330][bookmark: _Toc478045052]To allow for both flexible scheduling of SRS and good orthogonality properties, down-selection of the SRS sequence generation method to Alt2 is proposed, but with the extension outlined in Proposal 3.
Resource specific reference SRS design
In this section we give one example of a resource specific SRS. This is not claimed the best possible design but rather a baseline that should be considered as an upper limit on how high CM and PAPR one can get from a resource-specific design. The sequence construction is as follows for 30 sequences (i = 0,…,29) :
		 
		
, where k is the comb
Where the root sequence indices are defined as the 30 that gives lowest CM averaged over all possible allocation sizes, that is, 1, 2, …, 25 when we have in total 25 blocks for a 100 PRB carrier bandwidth with 4 combs and a 4 PRB block size. The function q(i,j) is the assignment of a root sequence index q to each Comb for each of the 30 resource-specific-sequences, how this is done is FFS. Using this construction, we can investigate also this family of 30 sequences by taking the average over all the 30 different sequences for each allocation size and then taking the average over the 25 different sizes for one of the 4 Combs. This then gives an average CM of about 1.56 and an average PAPR of about 4.63, the average value for each SRS allocation size is depicted in Figure 3. The use of a truncated Zadoff-Chu of length 887 is to achieve better performance compared to a cyclically extended Zadoff-Chu of length 293.
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[bookmark: _Ref477444211]Figure 3: CM and PAPR comparison resource or non-resource specific SRS
Non-resource specific SRS reference design
For the non-resource specific case reusing a LTE like construction seems attractive, but improvements could still be considered. To give a comparison value to the resource specific SRS we also did the same evaluation of CM and PAPR for the LTE like design, with results shown in Figure 3, giving average values of 1.02 and 4.18, respectively.
[bookmark: _Toc478045058]The CM and PAPR loss going to a resource specific design is around 0.5 dB or less compared to an LTE like SRS, but with large gains in scheduling flexibility.
Use-cases for a resource-specific SRS design
As seen above, the LTE type design of the SRS with a variable length sequences is very good in terms of CM, and a resource-specific design gives a loss around 0.5 dB. The main drawback with the non-resource specific design is that the base sequence used for a time-frequency resource varies with the SRS assignment. In NR we want a larger flexibility in the sounding configuration and bandwidth, which will make the sequence assignment even more unpredictable.
To highlight why it can be motivated to accept a little higher CM and PAPR, and have support for a resource specific SRS sequence, we will now discuss use-cases. It has already been discussed and agreed that a resource specific design is good due to that partially overlapping frequency assignment is possible. Additionally, it is likely that a higher scheduling flexibility will be needed in the future if the multitude of use-cases discussed for NR are realized.
[bookmark: _Toc478045059]The scheduling flexibility enabled by a resource specific SRS design is important for future compatibility with more diverse use-cases than MBB.
Apart from the scheduling flexibility, another reason why a resource specific design is attractive is that for many use-cases it is an advantage if the sequence for a time-frequency resource is known a-priori and do not change even in aperiodic dynamic scheduling of SRS. This implies that a receiver that is not scheduling the SRS, e.g. a neighbour gNb, can be configured to receive the SRS. Then due to the resource specific SRS the neighbouring receiver does not need to have prior knowledge about the dynamic resource assignment to be able to apply a matched filter on the SRS. Hence, by detecting which cyclic shifts are used or statically assume that the supported cyclic shifts are used the node can make a channel estimate. Observe that the mapping to users of the effective sum channel is unknown, but that this can be resolved using coordination features. We will now describe two important use-cases, where we in the first foresee large performance gains, and in the second show how this is enabled. We argue that both of these two use-cases also motivate the cost in CM to have a resource specific design, even not considering the extra scheduling flexibility.
Reciprocity MU-MIMO with advanced pre-coder selection
For advanced beam-forming techniques, part of the estimation problem is to minimize the interference by creating a suitable pre-coder by for example, some pre-coders use nulling in the spatial direction occupied by other users, some of which can be in a neighbour node. For reciprocity operation using SRS, this implies that a channel estimate is need for a neighbour node, see Figure 4 where BS2 needs to measure on SRS for UE dynamically scheduled by BS1. This estimate can be improved if the SRS receiver in BS2 knows the SRS sequence used in the neighbour node as this enables a matched filter channel estimate. The need for good estimate to a neighbour node is also a motivation to support 4 Combs as this enables separation of relevant UEs in the neighbouring nodes between the Combs improving estimation quality by suppressing interference using FDM.
[image: ]
[bookmark: _Ref478050425]Figure 4: Inter-node measurement using SRS
Further with a resource specific SRS sequence, the neighbour node can make this matched filter estimate without any additional information of the exact dynamic assignment of SRS in BS1, i.e. which frequency resources and/or cyclic shifts are used by the depicted UE. 
If the dynamic SRS assignment in frequency domain for SRS matches the frequency domain scheduling of the DL transmissions, the estimation can directly be used to supress interference in the DL beam-forming. This motivates a high frequency granularity in the SRS scheduling as suggested in Proposal 2. This is achieved without any fast exchange of scheduling information, or in other words, the SRS conveys this information. 
It is important to note that this functionality could be impaired if the UE does unknown pre-coding, for example, by using some interference nulling in the SRS pre-coder generation. This due to that this impairs the estimate used to do DL interference suppression. Observe that for advanced UEs with many TX antennas UL SRS interference nulling can in some scenarios be desirable, but it needs to be possible to disable from the network side.
[bookmark: _Toc478045060]Advanced pre-coding techniques without fast inter-node coordination is enabled by a resource specific SRS.
[bookmark: _Toc478045061]Non gNB controlled SRS precoding can impair efficient reciprocity operation.
[bookmark: _Toc477789885][bookmark: _Toc477877739][bookmark: _Toc477878788][bookmark: _Toc477878818][bookmark: _Toc477951300][bookmark: _Toc477951305][bookmark: _Toc477951310][bookmark: _Toc478027964][bookmark: _Toc478043331][bookmark: _Toc478045053]UE controlled advanced beam-forming should always be possible to disable for efficient reciprocity operation.
UE to UE channel measurements: Dynamic TDD, relaying and D2D
In case one wants some channel knowledge or neighbour measurement between UEs it is very costly for a UE to estimate a large set of sequences. Using a resource specific SRS the number of sequences is the same as the number of SRS receivers, i.e., typically the same set of nodes that a UE A has mobility measurements for are also the nodes that could have other UEs close to the UE A. Hence with a resource specific SRS this signal can be used for Dynamic TDD, relaying and D2D measurements were a UE wants to discover other UEs in the vicinity. For example, in Dynamic TDD it is necessary to know if a UL transmission will interfere with a DL transmission. Hence consider in Figure 5 were the SRS can be used to determine if gNb A can schedule its UE in DL when gNb B schedules its UE in the UL.
[bookmark: _Toc478045062]With a resource specific SRS, SRS can be used for the UE to UE measurements needed in Dynamic TDD.
[image: ]
[bookmark: _Ref477964313]Figure 5: UE to UE channel measurement

Discussion on way-forward and evaluation criteria for SRS
From the above observations we propose that a resource specific sequence design on SRS should be agreed. We further propose that a joint effort to find the best possible such design to minimize the performance trade-off in CM and PAPR. We expected this loss in CM to be around 0.5 dB, but potentially even less if an even better sequence design is found. In NR due to the importance of good CSI for reciprocity operation the sequence design for SRS is of high importance. 
[bookmark: _Toc477789886][bookmark: _Toc477877740][bookmark: _Toc477878789][bookmark: _Toc477878819][bookmark: _Toc477951301][bookmark: _Toc477951306][bookmark: _Toc477951311][bookmark: _Toc478027965][bookmark: _Toc478043332][bookmark: _Toc478045054]NR SRS supports a resource specific sequence design. Moreover, further study is needed to find a resource specific design with the best overall properties, e.g. Cubic Metric and PAPR 
The correlation properties between the 30 different base sequences of the sequence design should also be considered and be included in the investigation of the SRS sequence design. 
[bookmark: _Toc478045063]The correlation properties of the SRS design are also important and should be considered when evaluating options for NR SRS sequence designs
[bookmark: _Toc477789887][bookmark: _Toc477877741][bookmark: _Toc477878790][bookmark: _Toc477878820][bookmark: _Toc477951302][bookmark: _Toc477951307][bookmark: _Toc477951312][bookmark: _Toc478027966][bookmark: _Toc478043333][bookmark: _Toc478045055]The evaluation criterion for correlation properties should be studied and included in the evaluation criterion for NR SRS, including frequency domain correlation for intra-node and inter-node given two or more synchronized nodes
Conclusions
In this contribution we made the following observations:
Observation 1	Different SRS configurations can impact the choice of SRS sequence design, for example, with respect to CM and PAPR.
Observation 2	The dimensioning of the SRS is driven by the most stringent scenario, which will in NR probably be reciprocity operation with advanced DL pre-coding.
Observation 3	The CM and PAPR loss going to a resource specific design is around 0.5 dB or less compared to an LTE like SRS, but with large gains in scheduling flexibility.
Observation 4	The scheduling flexibility enabled by a resource specific SRS design is important for future compatibility with more diverse use-cases than MBB.
Observation 5	Advanced pre-coding techniques without fast inter-node coordination is enabled by a resource specific SRS.
Observation 6	Non gNB controlled SRS precoding can impair efficient reciprocity operation.
Observation 7	With a resource specific SRS, SRS can be used for the UE to UE measurements needed in Dynamic TDD.
Observation 8	The correlation properties of the SRS design are also important and should be considered when evaluating options for NR SRS sequence designs.

Based on the discussion in this contribution we propose the following:
Proposal 1	NR SRS should support single slot sounding of the carrier bandwidth using multiple OFDM symbols and frequency hopping within the slot.
Proposal 2	To maintain good scheduling granularity minimum SRS resource should be 4 PRBs.
Proposal 3	Extend the definition of Alt 2 in Agreement #2, such that the SRS sequence generation ensures that base sequences that partially overlap in the frequency domain share the same base sequence values in the overlap region.
Proposal 4	To allow for both flexible scheduling of SRS and good orthogonality properties, down-selection of the SRS sequence generation method to Alt2 is proposed, but with the extension outlined in Proposal 3.
Proposal 5	UE controlled advanced beam-forming should always be possible to disable for efficient reciprocity operation.
Proposal 6	NR SRS supports a resource specific sequence design. Moreover, further study is needed to find a resource specific design with the best overall properties, e.g. Cubic Metric and PAPR.
Proposal 7	The evaluation criterion for correlation properties should be studied and included in the evaluation criterion for NR SRS, including frequency domain correlation for intra-node and inter-node given two or more synchronized nodes.

[bookmark: _In-sequence_SDU_delivery]References
R1-1612327, “Concatenated block RS design”, Ericsson
	1/8	
image3.png
dB

10

Resource specific: Cubic Metric and PAPR

RSD CM
— — —RSD PAPR

5 10 15 20 2
Nr blocks in SRS




image4.png
dB

10

Non-resource specific: Cubic Metric and PAPR

NonRSD CM
— — —NonRSD PAPR

5 10 15 20
Nr blocks in SRS

2




image5.png
(('E')) 1“\\;;\

BS1

SRS inter-node measurement





image6.png
/((IEI)) y((lal)\)\

DTX SRS
gNb A ‘ i ‘ i gNb B

\ UE to UE channel measurement /





image1.png
Carrier bandwidth —
(1200 RE)

Total SRS

resource

300 SRS REs
—
(1/4 * 1200 REs)

One 4 Comb
(100 PRBs)

. "

(1/4* 48 REs)

-

-H-/ 12 SRS REs
—

One block
(4 PRBs, 4 Comb)

n+40
1o

n+4





image2.png
Inflexible assignment

Flexible assignment

Same base sequence within
overlapping blocks enables
piecewise orthogonality even
when allocations partly overlap




