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In RAN1#88b [1] and RAN1#88 [2] and RAN1 NR Ad-Hoc [3] the following agreements were made SRS sequence design:
	Agreements:

· Support configurable SRS sequence ID by UE specific configuration if SRS sequence ID is supported
· Configuration examples: 
· higher layer 
· high layer + L1 signalling, If hierarchical indication of SRS sequence ID is supported, (example: base sequence ID and/or phase rotation ID)


· 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

· 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)

· 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 provide our views on SRS sequence design. 
[bookmark: _Ref129681832]SRS sequence design 
LTE  SRS sequence design principles
ZC sequences have been used in LTE to generate SRS due to their constant power profile in time and frequency, mutual orthogonality of cyclically shifted versions of the same ZC sequence, and low cross correlation of two ZC sequences of the same length. 
ZC sequences used to generate LTE SRS have the following properties:
P1: For each SRS length, the following number of ZC roots is available over the whole network
· 30 roots for sequence lengths of less than 6 RBs.
· Either 30 or 60 roots for sequence lengths larger than 6 RBs.
P2: Assigned SRSs in a LTE Cell are orthogonal. Inter-SRS orthogonality is preserved in time/frequency (TF) domain by assigning sequences in different time/frequencies resources (including different transmission combs) or in code domain by using different cyclic shifts of the same base sequence.
P3: For each SRS length, only one ZC-root is used to generate SRS sequence in each LTE Cell. This root is uniquely determined by an ID  and may also depend on the slot number  (may be time varying). 
·  is equal to LTE Cell ID for SRS. 
P3 is based on a set of equations in Section 5.5.1 of [4] that together determine the ZC root of SRS sequence. P3 and this set of equations can be represented in a mathematical form as 
	
	(1)


where  is LTE Cell ID,  is the length of SRS sequence and  is also a function of  only if values of some Boolean high layer signals are properly set.
NR  SRS sequence design requirements
Similar to LTE, we propose to use ZC sequences also in generating NR SRS. 
Proposal 1: ZC sequences shall be used for NR SRS sequence design.
However, to facilitate NR requirements, some of the above properties P1-P3 may need to be revisited and modified in NR SRS design. Two major SRS requirements in NR that LTE SRS does not meet are as follows:
1) NR SRS capacity may need to be far more than that of LTE SRS as the number of UEs in a NR Cell may be far larger than that of a typical LTE Cell. 
2) NR SRS needs to support a more flexible physical resource mapping (PRM). In particular, unlike LTE, allocation of partially overlapping SRSs on the same TF resources in a NR Cell should be possible. 
Observation 1: Two major requirements that NR SRS sequence design needs to address are: 
· Req1)  Higher user capacity per cell compared to LTE; and
· Req2)  More flexible SRS physical resource mapping in NR Cell. 
NR  SRS sequence design principle
Recently, Alt-2 based designs have been proposed wherein SRS sequences are dependent on PRM position. Proponents of Alt-2 SRS designs suggest that these designs can facilitate assigning partially overlapped SRS sequences at the same OFDM symbol and with the same transmission comb and still maintain orthognality or low inter-SRS cross-correlation. Alt-2 designs are typically based on the concatenation of smaller sequences to build a SRS sequence with a larger size/bandwidth and, as such, have quite a different design principle than Alt-1 LTE-like designs. We do not believe that overhauling SRS design principle from Alt-1 to Alt-2 is justifiable due to the following reasons:
1) PAPR/CM of blockwise Alt-2 designs is higher than Alt-1 designs.
Studies show that such Alt-2 designs have considerably larger PAPR/CM properties than Alt-1 design alternatives a version of which has been successfully applied in LTE.
2) In practice, partially overlapped SRS sequences are only occasionally required.
In LTE, there are a lot of SRS resource opportunities in time and frequency domains. It is very unlikely that one needs to frequently assign partially overlapped SRSs on the same OFDM symbol and with the same transmission comb (TC). At least in most cases, partially overlapped SRSs in frequency domain can be assigned in different time symbols or different TC to avoid any non-orthogonality issue. As such, it is not justifiable to abandon the successful and examined Alt-1 based SRS design principle for a new Alt-2 based design that is entirely tailored to handle the partially overlapped SRS case. 
3) Alt-1 based designs can efficiently handle occasional partially overlapped SRS sequences
As partially overlapped SRSs may only occasionally be required, the next question to answer is that can an Alt-1 design be flexible enough to properly address this occasional need for partially overlapped SRSs? We believe that the answer is yes and we provide discussions and simulation results in this t-doc to support this claim. In particular, we discuss in Section 2.5.2 that although an occasional use of partial overlapped SRSs in an Alt-1 design may introduce some inter-SRS interference between the involved SRS sequences, such an interference can be effectively managed or even avoided using simple SRS planning at the network side and interference mitigation techniques. 
Based on the above discussion, we propose:
Proposal 2: Alt-1 SRS sequence design wherein SRS is not a function of allocated PRB position shall be supported in NR.
In next sections, we discuss how Eq. (1) and P1-P3 can be modified in an Alt-1 based LTE-like design to achieve Req1 and Req2.
[bookmark: _Ref480903334]Supporting higher user capacity 
P3 and Eq. (1) indicate that the ZC root used to generate equal-length SRS sequences in the same time slot is cell-specific. This may not lend itself to a SRS design that is required to meet Req1 as only a limited number of SRS sequences of the same length can be generated from a single ZC root. This number is upper bounded by the number of allowed cyclic shifts. However, due to the fact that NR SRS may need to support many more UEs (or UE ports) per cell, more than one ZC root may be required to generate SRSs of the same length on the same OFDM symbol. This can be done if the ZC roots of NR SRS sequences are configured UE-specifically. 
Sequence ID has been used in [5] to UE-specifically configure SRS sequences and a related agreement has been reached in RAN#88bis to “Support configurable SRS sequence ID by UE specific configuration if SRS sequence ID is supported”. We believe the use of UE specific SRS sequence ID is a straightforward and effective approach to configure ZC root of SRS sequence for each UE and is also a natural step forward from LTE-A wherein  is introduced to determine ZC root of SRS sequence but was only equal to LTE Cell ID in SRS design. Similar to LTE, we believe that the dependency of the used ZC root to SRS sequence length should still be preserved as, in part, the number of available ZC roots increases with the length of SRS sequences and we do not find any justification to use only a fixed set of limited number of ZC roots for all different SRS sequence lengths. Moreover, ZC root of SRS sequence can also depend on the SRS scheduled time (OFDM symbol and/or time slot) for randomization purposes. This dependency may be enabled or disabled. Therefore, in its most general form, we have
	
	(2)


where  is ZC root of NR SRS sequence,   is UE-specific sequence ID, and  is the SRS sequence scheduled time.
Proposal 3: UE-specifically configured SRS sequence ID shall be supported and the ZC root of SRS sequence is at least a function of UE-specific SRS sequence ID, SRS sequence length and whether or not depends on the SRS scheduled time is based on gNB configuration.
If UE-specific SRS sequence ID is supported, this ID may also be used to determine other SRS sequence configuration parameters such as sequence length, scheduling time, and cyclic shifts. In such a case,  and  in Eq. (2) may also depend on  and possibly some higher layer signals. 
Proposal 4: Dependency of SRS sequence length, scheduled time, and cyclic shifts on UE-specific SRS sequence ID should be further studied. 
An approach to UE-specifically configure SRS sequence ID is to link it with UE-specific ID. An advantage of such an approach is to reduce the overhead of sending SRS sequence ID to UE as the UE is aware of its own UE-specific ID and can determine its SRS sequence ID accordingly. 
Proposal 5: UE-specific SRS sequence ID can have association with UE-specific ID. 
· An example of UE-specific ID is C-RNTI. 
Due to the need to support more UE ports and in contrary to LTE, multiple ZC roots may be used in the same cell to generate the same SRS sequence length. As such, it is required to revisit P1 in LTE SRS. Network may require more than 30 (or 60) roots to flexibly assign ZC roots to different groups of UEs over the whole network. Note that larger number of ZC roots is available to generate SRS sequences of larger lengths for sounding larger bandwidths. This larger pool of available ZC roots should be utilized to more flexibly assign ZC sequences to UEs. 
Proposal 6: Support more than 60 ZC roots for each NR SRS sequence lengths larger than X. The value of X is FFS. 
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In what follows, we provide some guidelines on how Alt-1 based LTE SRS design can be modified to provide more PRM flexibility without resorting to PRM position dependent design approach.   
Modifying LTE PRM and allowed SRS sequence lengths







In LTE, higher layer cell-specific parameter srs-BandwidthConfig,  and UE-specific parameter srs-Bandwidth  determine the allowed SRS sequence bandwidths in a Cell. For each, only four different SRS bandwidths are allowed each of which corresponding to a.  Moreover,  where  is the bandwidth of SRS corresponding to and . Finally, PRM of the allowed four SRS bandwidths follows a specific nested structure in which PRM of   should be fully covered by PRM of . The PRMs at the right hand side of the frequency axis in Figure 1 show the allowed PRMs in LTE for the case of and . In turn, PRMs at the left hand side of Figure 1 give an example of not allowed PRMs in LTE wherein the PRM of 12 PRB SRSs do not follow the nested PRM structure enforced in LTE (two neighboring 12 PRB SRSs are not fully covered by the PRM of a 24 PRB SRS). 
To provide more PRM flexibility compared to LTE, we suggest to consider the following modifications:
1- 



The limited allowed SRS bandwidths per cell that are enforced by cell-specific and UE-specific can be relaxed. The number of allowed SRS bandwiths is network configurable. One approach to provide more flexibility in allowed SRS bandwidths per cell is to substitute cell-specificwith a UE-group sepcific parameter and/or increasing the number of allowed values for .
2- Low cross-correlation among partially overlpped SRSs can be effectively managed as discussed in Section 2.5.2. One cannot have partially overlapped SRSs in a cell if following LTE nested PRM structure. Moreover, if orthognality among SRSs in time/frequency or code domains need to be enforced, one does not necessarily need to follow the current LTE nested PRM structure to maintain such an orthognality requirement. As such, there is no need to follow the restricting LTE nested PRM structure in NR. 
[image: ]


[bookmark: _Ref480699479]Figure 1: Examples of allowed (right of the frequency axis) and not allowed (left of the frequency axis) SRS resource mapping in LTE for  and 
Proposal 7: Number of allowed SRS sequence bandwidths for each UL bandwidth is network configurable and can be determined using UE(-group) specific parameters.
Proposal 8: SRS physical resource mapping is network configurable and does not need to follow the LTE nested physical resource mapping structure. 
[bookmark: _Ref481397258][bookmark: _Ref481399881]Non-orthogonal SRS assignment
Ideally, the orthogonality property P2 of LTE SRS should be preserved among NR SRSs in a NR Cell. However, due to the fact that NR SRS may be required to support many more UEs (or UE ports) per cell, it may occasionally be required to assign non-orthogonal but low cross-correlated SRS sequences in the same TF resources in a NR Cell to avoid unacceptable amount of SRS TF resource overhead. Following our discussion in Section 2.4, this also implies that, unlike in LTE, there is no need to use only one ZC root for each SRS sequence length in each NR Cell at a given time slot. To provide more SRS sequences per NR Cell, if necessary, more than ZC root per SRS length can be assigned to each NR Cell at a given time slot. As discussed in Section 2.4, SRS sequences are configured and assigned UE-specifically. On top of this, network can determine the set of available ZC roots that are allowed to co-exist in the same NR Cell based on, e.g., mutual cross correlation of the cyclically shifted versions of their associated base sequences. When configuring and assigning NR Cell UEs’ SRSs, network should not only consider each UE’s specific needs, but also should take into account avoiding/reducing inter-SRS interference. Possible concurrent use of multiple ZC roots and multiple lengths NR SRS result in the co-existence of non-orthogonal SRS sequences on the same TF resources and, hence, the presence of inter-SRS interference within NR Cell.  Assigning non-orthogonal NR SRS sequences need to be avoided in a NR Cell unless they are necessary. If non-orthogonal NR SRSs are occasionally used, interference management schemes can be used to mitigate inter-SRS interference effect. Figure 2 shows an example of such SRS sequences assignment on partially-overlapped time-frequency resources. 
[image: ]
Figure 2. SRS sequences assignment on partially-overlapped time-frequency resources.
Note that, as briefly discussed below and is shown in our evaluation results, with proper planning at the network side and the use of interference management schemes, inter-SRS interference effect can be mitigated. For intra-NR Cell inter-SRS mitigation, these techniques can be divided into the following two approaches which may be used together.   
1) NR SRS planning: As SRSs in the same TF resources are assigned by network through one or multiple cooperating gNbs, UE SRSs within NR Cell can be planned so that, for instance, the total inter-SRS interference on each NR SRS meets certain requirement, e.g., stays below a threshold. An alternative simple NR SRS planning approach is to assign all orthogonal ZC-sequences to UEs that would inflict more interference to one another while, if necessary, to assign low correlated ZC-sequences to UEs with little or no mutual interference, e.g., UEs that do not have a  common measurement TRPs in the NR Cell. 
2) Interference mitigation techniques: Interfering SRS sequences within NR Cell and other relevant information such as long-term channel power profiles of the transmitting UEs are known at the network side. This information can be used to mitigate inter-SRS interference effect when estimating UL channels. 
Note also that, unlike in LTE, neighboring NR Cells may semi-statistically or dynamically share information about their assigned NR SRSs. In turns, following techniques can be used to avoid or mitigate inter-SRS interference effect at cell edges of neighboring NR Cells.
A. Dynamic interference management techniques: Neighboring NR Cells can report to each other the used sequences, allocated TF resources, and even transmission powers of the NR SRSs assigned to the Cell-edge UEs. This information can be used in the channel estimation algorithm at each NR Cell to mitigate the SRS interference from the neighboring cells. Moreover, the shared information can be used to make sure that two cell-edge UEs with high mutual interference in neighboring NR Cells do not transmit their SRSs in the same TF resources.
B. Semi-static interference management techniques: If the shared information between neighboring NR Cells is semi-static and limited, this information may be used for longer term planning of assigned SRSs to cell-edge UEs. For instance, if only the used ZC roots are shared between neighboring NR Cells, each NR Cell can assign ZC sequences to its cell-edge UEs using the roots that generate less interference on the cell-edge UEs of the neighboring cells. 
Observation 2: SRS planning and interference mitigation techniques can be used to manage possible inter-SRS interference among partially overlapped SRSs within NR Cell and between neighboring NR Cells in an Alt-1 based SRS sequence design. 
Simulation Results of NW-based SRS Interference Mitigation  
In this section, MSE performance of channel estimation error is evaluated for both LTE SRS and NR SRS schemes. We model system-level scenarios with multiple SRS transmissions in a 57-sector network with ISD of 200m. Two SRS symbols are simulated in each sector, where one OFDM symbol contains UE SRS bandwidth of 48 RBs and the other one contains that of 24 RBs. The ratio of the average number of UEs with 24 RB SRS to the average number of UEs with 48 RB SRS is 2:1. Each UE is assigned to one of the two OFDM symbols according to its SRS bandwidth configuration. The order of the two SRS resource symbols is independent in each sector so there is partially overlapping SRS interference effect among sectors. Our main focus in these simulations is to study the effect of SRS information sharing among sectors. Therefore, SRS sequence assignment and planning in both LTE and NR schemes follow that of the LTE approach. We expect that the additional effect of optimizing the NR SRS planning and assignment improves the performance of NR SRS schemes over LTE SRS schemes even further.  
In LTE SRS schemes, UE SRS sequences of each sector are known at the channel estimator of that sector. In NR SRS schemes, all UE SRS sequences in the entire network are known at the channel estimators. This simulates the case that all TRPs (sectors) form one NR Cell or, alternatively, multiple NR Cells that share information about their assigned NR SRSs.
In each scheme, we simulate both cases that the UEs’ channel power profiles are known and unknown in the channel estimation algorithm. When the case of UEs with unknown channel power profiles is simulated, uniform channel power profile is assumed for all UEs in both LTE and NR schemes.  In turns, when the case of UEs with known channel power profiles is simulated, the channel estimator of each sector in LTE knows only the channel power profiles of the UEs inside the same sector while this information is shared among TRPs (sectors) in the NR scheme. Other major evaluation parameters are listed in Table A1 in Appendix A.
Figure B1 and Figure B2 in Appendix B show CDF of channel estimation MSE per UE for 48 RB SRS and 24 RB SRS, respectively. Both figures simulate the case where, in average, 16 UEs per sector send SRSs at one of the two assigned SRS resource symbols. Both LTE and NR schemes with and without channel power profile knowledge are evaluated. Substantial MSE reduction can be observed in NR cases in all simulated scenarios. 
Figure B3 and Figure B4 in Appendix B show mean MSE of channel estimation over all UEs for different number of UEs per sector without and with the knowledge of channel power profiles, respectively. Substantial reduction in mean MSE of channel estimation in NR case indicates that the NR scheme substantially increases SRS user capacity in the presence of partially overlapping SRSs. It can be observed from Figure B3 that the mean MSE in NR with 16 UE/sector is almost the same as the mean MSE in LTE with 8 UE/sector; implying two times increase in the SRS capacity. The increase in SRS capacity is far larger when channel power profiles are available at the network side; as shown in Figure B4 in Appendix B.
Observation 3: Interference management schemes substantially increases SRS user capacity in the presence of partially overlapping SRSs. 
Conclusions
Based the discussions above, we have the following observations and proposals:
Proposal 1: ZC sequences shall be used for NR SRS sequence design.
Observation 1: Two major requirements that NR SRS sequence design needs to address are: 
· Req1)  Higher user capacity per cell compared to LTE; and
· Req2)  More flexible SRS physical resource mapping in NR Cell. 
Proposal 2: Alt-1 SRS sequence design wherein SRS is not a function of allocated PRB position shall be supported in NR.
Proposal 3: UE-specifically configured SRS sequence ID shall be supported and the ZC root of SRS sequence is at least a function of UE-specific SRS sequence ID, SRS sequence length and whether or not depends on the SRS scheduled time is based on gNB configuration.
Proposal 4: Dependency of SRS sequence length, scheduled time, and cyclic shifts on UE-specific SRS sequence ID should be further studied. 
Proposal 5: UE-specific SRS sequence ID can have association with UE-specific ID. 
· An example of UE-specific ID is C-RNTI. 
Proposal 6: Support more than 60 ZC roots for each NR SRS sequence lengths larger than X. The value of X is FFS. 
Proposal 7: Number of allowed SRS sequence bandwidths for each UL bandwidth is network configurable and can be determined using UE(-group) specific parameters.
Proposal 8: SRS physical resource mapping is network configurable and does not need to follow the LTE nested physical resource mapping structure. 
Observation 2: SRS planning and interference mitigation techniques can be used to manage possible inter-SRS interference among partially overlapped SRSs within NR Cell and between neighboring NR Cells in an Alt-1 based SRS sequence design. 
Observation 3: Interference management schemes substantially increases SRS user capacity in the presence of partially overlapping SRSs. 
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Appendix A
Table A1. Simulations parameters
	Attributes
	Value

	Carrier Frequency
	2.6GHz

	Bandwidth/FFT size
	10Mhz/1024

	Number of sectors
	57

	Macro ISD
	200m

	Max Power of UE
	23dBm

	Height of Macro/UE
	25m/ 1.5m

	Large-Scale Fading, Shadowing, Antenna Pattern, etc
	Follow 36.873

	Channel Type/Model
	Jakes/UMA

	UE Speed
	3km/h

	MIMO
	1x1

	SRS total RB number
	48

	SRS bandwidth candidates
	48RB/24RB

	Open-loop PC nominal power / compensation factor
	-68dB / 0.7

	Max number of cyclic shift per SRS band
	8

	Comb size

	2


Appendix B
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[bookmark: _Ref477278122]Figure B1. CDF of channel estimation MSE per UE for 48 RB SRS
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[bookmark: _Ref477278127]Figure B2. CDF of channel estimation per UE for 24 RB SRS
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[bookmark: _Ref477280742]Figure B3. Mean MSE of channel estimation over all UEs for different number of UEs per sector without the knowledge of channel power profile
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[bookmark: _Ref477280746]Figure B4. Mean MSE of channel estimation over all UEs for different number of UEs per sector with the knowledge of channel power profile
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