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1 Introduction
In RAN1 #88bis [1], #89[2] and NR Ad-Hoc#2 [3] meetings, the following agreements were made with respect to the SRS support for NR:
	· Agreements: 

Scheduling SRS resources to multiple UEs where the resources have full and/or partial overlap of SRS time-frequency resources (REs) is supported, where
· The multiple SRS resources can share the same root sequence values in the overlapping REs to allow for low or zero mutual cross-correlation
· FFS: Minimum overlap granularity to ensure zero cross-correlation
· FFS: Detailed sequence design taking into account at least Cubic Metric, PAPR, and cross-correlation properties amongst overlapping SRS resources

Agreements:
· [bookmark: OLE_LINK26][bookmark: OLE_LINK27]ZC based sequences shall be used for NR SRS sequence design

Agreements:
· For NR SRS, support sounding bandwidth in multiple of 4 PRBs
· FFS the detailed set of SRS sounding bandwidths to be supported
· At least 4 PRBs as SRS sounding bandwidth is supported

Agreements:
· NR supports at least the following SRS sequences 
· LTE SRS sequences
· Study further whether or not to additionally support the following for NR SRS sequence design:
· Opt-1: Truncated ZC design
· Set of [60] long ZC sequences designed for each of [5] different reference carrier bandwidths where the sequence length exceeds the carrier bandwidth before truncation 
· The portion of the truncated sequence corresponds to the SRS PRB location assigned to the UE 
· Ports on the same comb are separated by cyclic shifts which are repeated every n SRS REs, e.g. n=[8,12] 
· Opt-2: block-wise concatenation based ZC sequence generation.
· The number of blocks (e.g. 1, 2, …) and/or  block length (e.g. 4RBs, 8RBs, …) per each block is informed to UE 
· Alt1. the number of blocks and/or block length are configured by network. If 1 block is configured, SRS sequence for NR is the same as LTE SRS sequence
· Alt2. Implicit signaling  e.g. the number of blocks and block length are dependent on waveform. When DFT-S-OFDM is configured to UE, the number of block is one and the block length is equal to SRS BW; When CP-OFDM is configured, the number of blocks can be larger than 1. 
· Opt-3: Same LTE SRS sequence generation mechanism with additional roots 
· To conclude during the next meeting
· Evaluations to consider at least CM/PAPR and sequence cross-correlation for the case of fully and partially overlapping SRS allocations
· Evaluations to further consider CM/PAPR for carrier bandwidths different than the reference ones








In this contribution we discuss NR SRS sequence design alternatives and provide evaluations comparing the cubic-metric (CM) performance of various alternatives.
2. SRS Sequence design
The Sounding Reference Signal (SRS) is an uplink reference signal that is primarily used to estimate the uplink channel quality for UL frequency-selective scheduling. It can also be used to obtain downlink CSI in the case of TDD system with reciprocity. In NR the system bandwidth is much larger as compared to that of LTE, and also the path loss at the high frequency bands in NR is significantly higher compared to the LTE bands. Moreover, it is envisioned that the required SRS capacity for NR can be higher compared to LTE and accordingly in the RAN WG1 meeting #88bis [1], it was agreed that the SRS sequence design will allow for multiple users to transmit SRS that have full and/or partial overlap of SRS time-frequency resources (REs). Additionally, it is desirable for all the NR RS designs to be flexible enough to accommodate new additions or updates to the system BW in future NR releases.
In NR Ad-Hoc#2 [3], we have agreed to support LTE SRS sequences as one of the options for NR SRS design. It was for further study if in addition NR SRS design allows for other SRS sequence generation options based on ZC sequences. In this document we discuss 3 options along with evaluation results for comparison.
2.1 NR SRS sequence using LTE like design with additional roots
In LTE SRS sequences are designed using ZC sequences. These sequences satisfy the desirable properties of uplink reference signals such as, constant modulus, low PAPR/CM, good auto-correlation and cross-correlation properties, etc. The ZC sequences used for SRS are grouped into 30 groups. Each group has one or two base ZC sequences (depending on the length of the sequence) for each possible sounding bandwidth size. The grouping is done such that the cross-correlation of a base sequence and its time-domain cyclic shifts from one group with a base sequence (of any length) from the other group is low. Each cell/TRP is then assigned a group. The low circular cross-correlations between bases sequences across groups maintains low inter-cell interference for simultaneous SRS transmissions. The intra-cell orthogonality is achieved via FDM, different comb offsets or cyclic time shifts of the same base sequence. 
One of the options considered for the NR SRS sequence design is to use the LTE SRS sequence design with additional roots for the NR system bandwidths that are larger than LTE. This design option inherits all the good PAPR/CM and cross correlations properties but suffers in flexibility of sounding bandwidth allocations. Specifically, it cannot accommodate partially overlapping sounding bandwidth allocations among multiple UE’s on same time-frequency resource.


2.2 NR SRS sequence design using one or more block concatenated ZC sequences
One possible solution to allocate partially overlapping SRS resource assignments is to make sure that the base sequence used by multiple users in the overlapping time-frequency SRS resource is identical. Then, a piecewise orthogonality can be achieved using distinct cyclic time shifts of the common base sequence. For instance, in Figure-1 we show an example of three users UE1, UE2, and UE3 that have unequal and overlapping SRS resource. UE1 and UE2 use a ZC sequence of an appropriate length and root, while UE3 uses a sequence constructed using the concatenation of the two ZC sequences used by UE1 (green colored) and UE2 (purple colored) with different cyclic time-shift.
[image: ]

Figure 1: Example of three users with unequal and overlapping SRS resource. UE1 and UE2 use LTE like ZC sequence, while UE3 uses a block concatenated sequence such that in the overlap zone (green color or purple color) the sequences used are identical up to cyclic time-shift.
There are few parameters of interest in such a design:
1. Number and size of each block: In principle this is configurable. For concrete example to explain the design, in this document we consider concatenation up to two blocks, where the size of each block is configurable. The rationale here is to allow for partially overlapping sounding BW allocation, e.g., UE1 and UE3 in Figure 1, in this case SRS sequence of UE1 is non concatenated pure ZC sequence of some length (multiple of 4 PRB as per earlier agreements) and then UE3 SRS sequence is concatenation of two blocks out of which one block is same size as UE1 assignment, while the length of other block depends on the total sounding BW configured for UE3. Sometimes, depending on the scheduling there will be either a perfect matched UE2 that can sound in the complimentary band of UE1 and within band of UE3, if that is not the case then only UE1 and UE1 will be scheduled. 

Thus, with block concatenation of up to two block three types of users can be allocated in the same time-frequency resource. First users with sounding BW like UE1, second users with sounding BW consisting of complimentary part like UE2 and thirdly users with sounding BW like UE3. Only the UE3 style users generate SRS sequences based on concatenation of two blocks of ZC sequences. Note that this design can accommodate more users using cyclic time shifts in the same color similar to LTE.

2. Phase rotation between the blocks: The phase rotation between the two concatenated blocks influences the effective PAPR/CM of the sequence used by UE3. This can be carefully designed, as will be shown later in the evaluation section.

3. Sequence hopping: The block concatenated design is compatible with sequence hopping for randomizing the interference, similar to LTE. The roots used by UE1 and UE2 can hop same as LTE and it automatically changes the sequence used by UE3. The phase rotations can be dependent on the used roots and will be changed accordingly.

4. Frequency hopping: Similar to LTE frequency hopping is also compatible with this design.


There are quite many advantages, as listed below, of using a block concatenated ZC sequence based SRS design. 
1. LTE sequences, users and cell compatible: This design is transparent to users that are not configured for block concatenation. For instance UE1 and UE2 are not aware of the existence of block concatenation based user UE3. This allows for much graceful mix between LTE like sequences and block concatenated sequences in NR cell. Also, this means that if there is heterogeneous network with LTE and NR cells LTE cells will not see new type of inter-cell interference. 
2. Future proof: The design lends itself quite flexible in terms of increasing the number of blocks and the PAPR reduction techniques to be used in the future NR releases. 
3. Inter-cell interference: This is identical to the LTE SRS design.
4. LTE SRS design is a special case of the configuration and the network can operate in LTE SRS mode if needed, e.g., when there is no need for increased SRS capacity especially in low load scenarios. Thus, preserving all the well-understood and mature low PAPR/CM SRS design from LTE.
5. Usage of concatenation is network/gNB’s discretion, wherein gNB can make an informed decision about configuring a particular UE with concatenated sequence on need basis. 
6. Concatenation can be limited to UE’s that perform wide band sounding or UEs not limited in coverage or power.

Proposal 1: NR-SRS supports sequence design based on block concatenated ZC sequences. Details are FFS.
Proposal 2: UE specific concatenation parameters are configured by the gNB via RRC. Other signalling options are not precluded. 
Proposal 3: NR-SRS uses grouping and bases sequence from LTE as a baseline. Adding more roots to each group or adding additional groups is not precluded. 
2.3 Resource specific NR SRS sequence generation using long ZC sequences.
Another option for design NR SRS sequences with highly flexible sounding bandwidth allocation is to use long truncated ZC sequence as a ``mother” sequence. One or more mother ZC sequences are designed for the largest system BW under consideration. There is one-to-one mapping between the symbols of the mother sequence and the sub-carriers/PRB. Each UE, then uses a truncated portion, corresponding to the configured sounding BW, of one of the mother sequences, with a possible cyclic time shift. Since the association of the mother sequences and the PRB indices is established, any two users that sound on overlapping BW use identical base sequences, with possible different cyclic time shifts, at least for the overlapping portion of the sounding BW. The orthogonality then can be maintained using distinct cyclic time shifts for different ports (same as in LTE). Although, this design solves the issue of flexible (complete/partial overlap) sounding BW allocations to the users and thus increases the SRS capacity of each cell, it does have some limitations as mentioned follows. 
1. The mother sequence needs to be design for the largest system BW. The largest system BW may change in future NR releases thus creating compatibility issues.
2. Design is not compatible with LTE like SRS sequences, which is already an agreement to be supported in NR SRS. One possible solution to incorporate both designs is to partition resources either in time or frequency between the two designs. This solution is not very elegant since neighboring cells may not follow exactly same partition, in which case inter-cell interference can be an issue.
3. Largest system BW for NR could be quite large, resulting in quite long base mother sequences. The ZC sequences are known to have phase stability (or robustness) issues are higher lengths.
4. Cannot gracefully blend with users configured with LTE like SRS or LTE cells.

Proposal 4: NR-SRS sequence design is not resource specific.

3. Cubic metric evaluation
[bookmark: _GoBack]In this section, we provide numerical evaluation of the above discussed 3 options for generating SRS sequences. 
Assumptions for evaluation:
1. System bandwidth: The system bandwidth is assumed to be 3300 sub-carriers, i.e., 275 PRB. Also, since SRS sounding allocations are agreed to be multiple of 4 PRB’s. Maximum system BW in terms of PRB is assumed to be 272.
2. Evaluations are performed for comb value of 2 and 4. 
3. FFT size = 4096.
4. Over sampling factor for computing Cubic-metric is 8.
5. Number of groups = 30.
6. Sounding BW allocations in PRB = {12, 16, … , 272}, all multiples of 4 PRB, such that minimal length for Comb 4 is at least 30.
7. Resource specific long truncated ZC based design: 
a. For comb = 2, a base sequence of length 1637 is generated. The roots used are empirically optimized to improve overall cubic metric CDF.
b. For comb = 4, a base sequence of length 821 is generated. The roots used are empirically optimized to improve overall cubic metric CDF.
8. Block concatenated ZC sequence based design:
a. Number of blocks concatenated = 2.
b. Size of blocks concatenated are all possible pairings in the valid sounding BW allocations. 
c. Phase rotation between every pair of concatenation is optimized to reduce CM.

We note that the performance of the both the options is pretty close (~ 0.2dB) of the LTE like design towards the tail users, while the block based concatenation design has so many sytem level advantages as mentioned earlier.
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4. Conclusion
To summarize, in this contribution we provided our views about the issues involved in designing the SRS for NR MIMO. We made the following proposals:
Proposal 1: NR-SRS supports sequence design based on block concatenated ZC sequences. Details are FFS.
Proposal 2: UE specific concatenation parameters are configured by the gNB via RRC. Other signalling options are not precluded. 
Proposal 3: NR-SRS uses grouping and bases sequence from LTE as a baseline. Adding more roots to each group or adding additional groups is not precluded. 
Proposal 4: NR-SRS sequence design is not resource specific.
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