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1 Introduction
In RAN WG1 meeting #88 [1] the following agreements were made with respect to the SRS support for NR:
	Agreements:
· 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




In this contribution we discuss an NR SRS sequence design that achieves low-PAPR for cell-edge UE’s, for whom PAPR performance matters the most, while simultaneously supporting multiplexing of SRS transmission with different and overlapping SRS bandwidths in the same symbol. 
2. Discussion
2.1 Sounding band or PRB independent sequences
In LTE the SRS is dependent on the sounding bandwidth and not on the sounding PRBs. For example, for narrow band sounding with shorter sequence lengths (<= 24) computer generated sequences are used, while for sounding bands with sequence lengths (> = 36) Zadoff-Chu (ZC) sequences are used. The used RS sequence is a function of the allocated sounding bandwidth rather than the sounding band, e.g., same RS sequence can be used for sounding on any band as long as the sounding BW is same. Both the families, short computer generated sequences as well as ZC sequences used in LTE SRS exhibit low PAPR (or CM), ideal autocorrelation and low cross-correlation across carefully designed groups. The ideal auto-correlation and low cross-correlation property helps in minimizing the impact of interference due to simultaneous SRS transmission by inter/intra cell/TRP UEs. LTE also supports IFDMA comb structure for SRS. The SRS IFDMA comb structure provides additional orthogonality between simultaneous SRS transmission from multiple UEs over same bandwidth via FDM.
1. Intra-cell orthogonality: Multiple users can simultaneously transmit SRS using the same RBs and the same comb, using different cyclic time shifts of the base ZC sequence to achieve orthogonal separation. Although this corresponds to no intra-cell SRS interference, it comes at the cost of restriction in terms of allowed sounding BW allocations. For instance, two users that have same comb offset and overlapping sounding bandwidth need to have an identical sounding bandwidth. Figure-1a, shows an example of allowed overlap, where UE-1 and UE-3 (similarly UE-2 and UE-4) have same sounding bandwidth and comb offset and use the same base ZC sequence with different cyclic time-shifts. On the other hand the sounding bandwidth allocation in Figure-1b is an example that will result in significant interference between the SRS transmissions of UE-1 and UE-3.
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Figure-1
Although having multiple IFDMA combs does provide some flexibility in sounding bandwidth allocations, it is still restrictive, especially for NR where the system BW can be much larger than in LTE. 

Observation 1: Cyclic time shifts of a base ZC sequence achieves orthogonal separation of SRS from multiple users but at the cost of restrictive sounding BW allocations.

2.2. Sounding requirements for different classes of UE’s
In order to support frequency-selective scheduling, the SRS of different UEs transmitted in the same symbol may need to occupy different bandwidths, with potential overlap, while maintaining zero to low interference between the transmissions. The choice of sounding bandwidth assigned to a UE depends on many factors. For example, the number of UEs to be supported for simultaneous sounding, the maximum power of a UE and its path loss, etc. Although, full bandwidth sounding provides the most complete channel information, the estimation performance degrades as the path-loss increases when the UE cannot further increase transmit power to maintain the transmission across the full bandwidth. This observation becomes even more relevant in NR, where 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. 
The sounding requirements for the cell-edge UEs and the cell-center UE’s can be quite different. For instance, the cell-edge UE’s are typically power limited, so they would benefit from low PAPR (or CM) RS and not so much from sounding bandwidth flexibility. On the other hand for the cell-center UE’s are bandwidth limited and low PAPR (or CM) RS would not be as useful, while a flexible sounding BW allocation options would be highly beneficial. 
Observation 2: The cell-edge (or power limited) UE’s would benefit from a low PAPR (or CM) RS, while cell-center (or bandwidth limited) UE’s would much benefit from flexible sounding bandwidth allocations.

2.3 Sounding band or PRB specific sounding sequences
One possible option for SRS is an RS that is dependent on the sounding band or the sounding PRB’s, i.e., PRB specific sequence. As an example, we use a binary Golay sequence to conceptually explain the design of a PRB specific SRS as well as discuss pros and cons. Consider a system bandwidth such that the largest number of used subcarriers is 2048. Let G be a fixed binary Golay sequence of length 2048. Each TRP/cell is assigned a cyclically shifted version G(u) of the same sequence G. The sequence G(u)  is associated to a comb. A UE then uses a truncated G(u) sequence corresponding to the allocated sounding band. Note that the SRS sequence used by a UE is not dependent on the sounding bandwidth but the sounding PRBs assigned to a UE. For instance, same UE if assigned same sounding BW but starting at different PRB-index, will use a different SRS sequence. Such a sounding bandwidth allocation independent SRS framework is also compatible with orthogonal separation of multiple SRS transmissions using time-domain cyclic shifts.
1. Intra-cell orthogonality: Multiple users SRS transmissions within a cell/TRP can achieve orthogonal separation using either different comb index (FDM) or using time-domain cyclic shifts (CDM) of the truncated Golay sequence G(u). Unlike the ZC based SRS, two users that have same comb offset and overlapping sounding bandwidth need not have identical sounding bandwidths. For instance Figure-2, shows an example where UE-1 (or UE-3) and UE-2 achieve orthogonal separation of SRS transmission using different comb offsets, while UE-1 and UE-3 use same comb offset and achieve orthogonal separation using different time-domain cyclic shifts (CDM) despite having overlapping and non-identical sounding bandwidths. A time-domain cyclic shift (or CDM) orthogonality between UE-1 and UE-3 is possible due to the fact that they use same sequence in the overlapping portion, since the SRS sequence is PRB dependent truncated portion of G(u). For example, if we denote the sounding sequence used for PRB-i as G(u,i) then,

UE-1 sounding sequence  = [G(u,i) G(u,i+2) G(u,i+4) G(u,i+6)].
UE-3 sounding sequence  = [G(u,i) G(u,i+2) G(u,i+4) G(u,i+6) G(u,i+8) G(u,i+10) G(u,i+12) G(u,i+14) ].*e(-2jπα (k)),

Where e(-2jπα (k)) is the phase ramp vector corresponding to the time-domain cyclic shift of appropriate amount.
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Figure-2
2. Peak-to-Average power ratio (PAPR):  As noted in observation-2, the PAPR and the sounding bandwidth assignment flexibility requirements are dependent on a UEs link budget, i.e., if the UE is cell-edge (power limited) or cell-center (bandwidth limited). For instance, the cell-edge UE’s are more likely to sound over a narrow band and are okay to have restrictive sounding options, but would prefer low PAPR RS transmission, while the cell-center UE’s would prefer flexible sounding options but not so much a low PAPR transmission. Further note, it is possible to generate a Golay sequence such that a subset of a Golay sequence is another Golay sequence. For instance, if a Golay complimentary pair (Golay sequence is any sequence that is part of the Golay complimentary pair of sequences) is generated using the following recursion,
Gi = {ai , bi}
G(i+1) = { [ai , bi] , [ai , -bi] }

Where Gi is a Golay complimentary pair at iteration “i”. Then, any subsequence of length 2m is also a Golay sequence and has a provable PAPR of <= 3 dB and CM <= 1 dB. Thus, for the cell-edge UE’s we can achieve a very low PAPR/CM, at the expense of slight restrictions (powers of two sounding sequence length) on sounding bandwidths of cell-edge UE’s. Next we provide some simulation results, for both cell-edge and cell-center UEs, to compare the PAPR of the proposed Golay sequence based SRS and an LTE like ZC sequence based SRS.
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Figure-3: CDF of peak-to-average (PAPR) dB.

Observation 3: Golay sequence based PRB specific RS provides a very attractive empirical and provable (<= 3dB)  PAPR profile for cell-edge UE’s. 
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Observation 4: Golay sequence based PRB specific SRS provides highly flexible, with partial sounding bandwidth overlap, SRS transmission in the same symbol, for both cell-edge as well as the cell center UE’s. Additionally, the PAPR profile for the cell-center UE’s is similar to LTE ZC sequence based SRS design.

[bookmark: _GoBack]Proposal 1: NR considers SRS design based on PRB specific sequences that achieve low PAPR and possible multiplexing of SRS with different (and overlapping) SRS bandwidth allocations in the same symbol. Details are FFS.

3. 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 observations and proposals:

Observation 1: Cyclic time shifts of a base ZC sequence achieves orthogonal separation of SRS from multiple users but at the cost of restrictive sounding BW allocations.
Observation 2: The cell-edge (or power limited) UE’s would benefit from a low PAPR (or CM) RS, while cell-center (or bandwidth limited) UE’s would much benefit from flexible sounding bandwidth allocations.
Observation 3: Golay sequence based PRB specific RS provides a very attractive empirical and provable (<= 3dB) PAPR profile for cell-edge UE’s. 
Observation 4: Golay sequence based PRB specific SRS provides highly flexible, with partial sounding bandwidth overlap, SRS transmission in the same symbol, for both cell-edge as well as the cell center UE’s. Additionally, the PAPR profile for the cell-center UE’s is similar to LTE ZC sequence based SRS design.

 Proposal 1: NR considers SRS design based on PRB specific sequences that achieve low PAPR and possible multiplexing of SRS with different (and overlapping) SRS bandwidth allocations in the same symbol. Details are FFS.
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