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[bookmark: _Ref497997839][bookmark: _Toc498710551]Introduction
In RAN1 NR Ad Hoc #3, the following agreements were made:
Agreements (NR AH2):
· Support for CSI-RS sequence design:
· (Working assumption) PN sequence at least for CSI-RS for CSI acquisition
· UE specifically configured CSI-RS sequence seed
· FFS, sequence design, e.g. PN sequence, ZC sequence, M sequence, etc., for other use cases such as beam management and fine time/frequency tracking
Agreements:
· Confirm the WA with the following revision
· Support PN sequence for CSI-RS for CSI acquisition and beam management
· FFS detailed sequence generation and initialization methods
· E.g. function of slot number, OFDM symbol number, CP length, UE ID, cell ID, virtual cell ID, function of PRB position of configured CSI-RS resource, etc.
Agreements (#90):
· DMRS sequence for CP-OFDM based PDSCH and PUSCH is resource-specific, and is a function of at least the following parameters: scrambling ID and offset 
· FFS how to define the offset parameter (e.g., via signalling, implicitly derived, etc.)
· FFS the details of resource-specific (e.g., w.r.t to the wideband of a carrier, or a BWP, etc.)
· FFS the values of scrambling ID
· FFS other parameters
Agreement (#90bis):
For each of the following RSs, c_init used for sequence generation will at least depend on UE specifically configured scrambling ID by RRC configuration
· DL: DMRS, CSI-RS resource
· FFS: Support of multiple IDs for DMRS
· UL: DMRS(for CP-OFDM), PTRS(for DFT-s-OFDM)

Agreement (#90bis):
For the PN sequence for CP-OFDM, QPSK modulated DMRS is derived from the 
· Alt. 1: length-31 Gold sequence (as in LTE)
· Alt. 2: length-63 Gold sequence


In this contribution, we propose a detailed formulation of the sequence generation for CSI-RS and DMRS for CP-OFDM including a formula for computation of the seed. We also evaluate the proposal numerically. Specific formulas for DMRS and CSI-RS are also proposed in [1], and [2], respectively.
[bookmark: _Ref178064866][bookmark: _Toc498710552]Discussion
[bookmark: _Toc498710553]Issues when reusing initialization of LTE PRBS generator for NR RSs 
The LTE pseudo-random binary sequence generator use 31-bit initialization of the linear feedback shift registers in which the initialization formulas for CRS and CSI-RS can be expressed for normal CP as a product of the symbol counter  and scrambling ID for most significant bits (MSBs) and the scrambling ID for least significant bits LSBs:	
.
As has been noticed previously, reusing this formula in conjunction with a length-31 PRBS will not be possible in NR as the range of the radio frame OFDM symbol counter  can be considerably larger. 
It can be noticed that keeping the same wrap around duration of  in absolute time for NR with scaled numerology as was used in LTE (i.e. 10ms), will require a range of  of  where corresponds to a 10-slot radio frame (15 kHz SCS) and to a 320-slot radio frame (480 kHz SCS). The corresponding bit range of  will then be . Hence, at least 13 bits is needed for the term  if the same wrap around time is desired for NR as in LTE, which implies that the CRS/CSI-RS initialization approach of the LTE PRBS generator cannot be reused.
Another aspect that needs to be considered is that NR supports twice the number of physical cell IDs as LTE so the term requires at least 11 bits. This implies that  needs to be limited to 9 bits if  is to fit into the length-31 shift register.
Length-63 Gold sequences for PRBS based RS should only be considered if it is not possible to find any 31-bit initialization formula  that provides sequences with correlation properties matching LTE. We note that introducing length-63 Gold sequences would require a larger specification effort as both the polynomials defining the m-sequences and a new sequence initialization mechanism need to be specified.
However, based on the evaluations conducted in Section 2.5, we see no issues with keeping the length-31 Gold sequence generation defined for LTE. This is true also while increasing the bit width of the scrambling ID to 15 bits and keeping the 10ms wrap around duration of  as in LTE. We thus propose the following
[bookmark: _Toc498710554]Reuse the same length-31 Gold sequence generator as defined for LTE.
[bookmark: _Toc498710555]The proposed 31-bit initialization formula to be used for NR is provided in Section 2.4.
[bookmark: _Toc498710556]On common RS structure for PRBS initialization
[bookmark: _Toc494741243][bookmark: _Toc494741463]Depending on configuration, reference signals of different types may be mapped to the same REs when transmitted from different transmission points, e.g., DMRS in one cell may collide with CSI-RS in another cell. In a synchronized network, this means that interference inter and intra RS type may not be randomized unless care is taken to ensure that reference signal sequence initialization differs between all transmission points that may interfere with each other for all RS that may occupy the same REs. Note that this may be a problem even if the overlap in terms of mapped REs is only partial (e.g. TRS may only use every 4th subcarrier but DMRS every 2nd) - this is because sequences are resource specific. To ensure that the inter RS type interference can be randomized, it is important to have a common structure of the initialization formulas; that will make sequence generation transparent and then the network can configure scrambling IDs to avoid malign interference. To that end we propose:
[bookmark: _Toc498710557]The PRBS generator use the same initialization formula structure at least for CSI-RS and DMRS 
[bookmark: _Toc494741244][bookmark: _Toc494741464]The above proposal allows creating pseudo orthogonal sequences across RS types through configuration by giving them different scrambling IDs. Note that even if the same structure is used, this will still be a complex coordination problem, as coordination of scrambling IDs needs to be done for all combinations of reference signals, not only per reference signal type. In order to avoid this configuration/coordination effort and also avoid reducing the set of available scrambling IDs (as the pool would be shared across CSI-RS and DMRS) we also propose:
[bookmark: _Toc498710558]Define  such that reference signals of different type always have different sequence initialization independent of the UE specifically configured ID
[bookmark: _Toc498710559]On bit width of the UE specifically configured scrambling ID
From a MU-MIMO perspective, it is beneficial to support multiple scrambling IDs per cell for DMRS - this allows for intra cell semi-orthogonal DMRS assignment between users with high spatial separation. Accordingly, as the number of cell identities in NR is 1008, the width of the scrambling ID should then be greater than 10 bits. A larger bit width could simplify network planning as cells may be assigned a unique range of scrambling IDs from a larger set.
 As an example, consider NR deployed on an existing LTE grid (that will have cell-IDs selected to optimize reuse), then it is desirable to assign a range of scrambling IDs to each NR site/sector, and the ranges should be such that if two LTE cells have different cell-IDs, then the range of NR scrambling IDs mapped to the corresponding sites/sectors should be non-overlapping. 
Hence, we think that more than 10 bits in the UE specifically configured scrambling ID is beneficial for DMRS, and that this should also apply for CSI-RS (to enable a common structure of the sequence initialization between CSI-RS and DMRS as motivated further below). We also note that a bit width of 15 bits allows for many scrambling IDs per cell, assuming 210 unique physical cell identifiers: This is likely enough for the envisioned use cases.
[bookmark: _Toc498710560]The UE specifically configured scrambling ID for CSI-RS and DMRS use 15 bits 
[bookmark: _Ref497824590][bookmark: _Toc498710561]The PRBS initialization formula
To randomize inter-cell interference across OFDM symbols carrying reference signals, a dependency between the symbol index and the RS sequence initialization can be introduced. This dependency will mitigate biased measurements due to systematic properties of the interference that may, e.g., lead to consistently poor RS cross-correlations. Note that for data scrambling, we suggest to not make the bit scrambling time dependent as there is serious consequences when using very late go/no go scheduling decisions as a large data packet must be prepared in advance to deciding on when to perform the transmission. This is especially important for unlicensed operation. For RS, this is not as critical as the transmitter complexity to generate a RS sequence is far less demanding than preparing a large transport block. 
[bookmark: _Toc498710562]Define  for CSI-RS and DMRS such that it depends on slot and symbol indices
The Gold sequence generation mechanism in LTE is based on the modulo-2 additions of two m-sequences

where the m-sequence  is initialized with a fixed seed (independent of configuration) and where the initialization of the m-sequence  is a function of the symbol counter and the scrambling ID. In case the symbol counter  is linearly (in modulo 2 sense) combined with the ID, such as , the second m-sequence can be expressed as

which follows by noting that m-sequences are linear functions of the initializer (in modulo-2 sense). We observe that if the symbol counter and the scrambling ID are combined linearly (in modulo 2 sense), we may then expect that cross-correlations between Gold sequences generated from two different scrambling IDs are consistent across time as



This is also confirmed using numerical evaluations in Section 2.5, with the  alternative for scrambling seed representing linearly combined symbol counter and ID. Evidently, this is an undesirable property.
[bookmark: _Toc498710563]Define  such that the scrambling ID combines non-linearly (in modulo 2 sense) with the slot and symbol counting 
Based on the aspects highlighted in this and the preceding sections, we propose the following structure of the PRBS initialization formula
[bookmark: _Toc498710564]Adopt as the PRBS initialization for DM-RS and CSI-RS 




where the addition is in standard sense, is the UE specifically configured scrambling ID with bit width B (proposed above to be 15 bits), is a constant specific for DMRS and CSI-RS,  is a constant integer selected to make bit width of  match that of  (it needs to be numerology dependent and should also be prime),  is selected so that no bit in  can be fixed to zero, and is a symbol counter with a wrap-around time of 10 ms. 
The proposed mechanism is evaluated in Section 2.5 below, both for a bit width of 10 (to allow comparison to LTE) and with the proposed bit width of 15.
For B=15 bit wide UE specific scrambling ID we propose
[bookmark: _Hlk498592625] = {233, 113, 53, 29, 13, 7} for subcarrier spacings {15 kHz, 30 kHz, 60 kHz, 120 kHz, 240 kHz, 480 kHz }, respectively
[bookmark: _Ref497822466][bookmark: _Toc498710566]Simulation results
[bookmark: _Toc498710567]Evaluation methodology







Sequences where generated using different seed generation formulas, including the one defined for LTE. Pairs of , (,) where drawn based from a uniform distribution covering the full range (0 to 1023 when evaluating 10-bit scrambling IDs, and 0-32767 when evaluating 15-bit scrambling ID). The correlation between the sequence (of length 48 in the presented examples, other lengths show the same behaviour) generated byand the sequence generated by was computed for the full range of the symbol counter (1…140, when comparing with LTE, 1 … 4480 when not). The resulting correlation values where then plotted either as a CDF (across all time instances) per randomly picked pair of  , or as a histogram of the 95th percentile of the correlation (across all random pairs).
[bookmark: _Toc498710568]Results comparing LTE + simple + proposed scheme for 10-bit scrambling ID


To allow comparison to the seed definition formula used in for LTE, we restrict the RS specific scrambling ID to the range 0…1023 (B = 10) (although we propose to use 15-bits with a correspondingly larger range), and the range of to 1…140 in this section. Three alternative formulations of the scrambling seed where tested:
·  , where  and .

·   (as in LTE CRS/CSI-RS and normal CP)

· 



Figure 1, shows CDFs across time for 15 randomly picked RS IDs using the three alternative scrambling seed formulations. Figure 2 shows a histogram of the 95th percentile correlation over 1000 such pairs. Alternatives and  show only marginal dependence on the scrambling ID pair selected in the sense that correlation is similar for all pairs in a statistical sense if evaluated over the full symbol counter range. The initialization, on the other hand, does not show this property: if a scrambling ID pair has a poor correlation at one-time instance it is likely to have poor correlation for all time instances (and the same is true for favourable cross correlation). This effect is readily explained by the linearity property of the m-sequences discussed in Section 2.4. From these results it may be concluded that the proposed scrambling seed formulation performs on par with LTE for 10-bit scrambling ID while it has the advantage of readily extending to 15-bits scrambling ID and to larger range of the symbol counter as evaluated in the next section.
[image: \\vhub.rnd.ki.sw.ericsson.se\home\ekarwer\projects\star_rs\sequence_sandbox\10bit_CDF.png]
[bookmark: _Ref497997503]Figure 1	CDF of correlation (across the symbol counter) for randomly picked scrambling ID pairs. 10-bit width of RS scrambling ID.
[image: \\vhub.rnd.ki.sw.ericsson.se\home\ekarwer\projects\star_rs\sequence_sandbox\10bit_histogram.png]
[bookmark: _Ref497997504]Figure 2	Histogram of 95th percentile of correlation across time between sequences generated using the alternative seed generation formulas. 10-bit width of RS scrambling ID.

The proposed scrambling seed formulation works as well as the LTE version in terms of cross correlation properties across time and may readily be extended to 15 bits.

[bookmark: _Toc498710569]Results comparing simple + proposed scheme for 15-bit scrambling ID

In this section, corresponding evaluations are made using the proposed 15-bit width of the scrambling ID, i.e. . Here the range of  is extended to 1…4480.  The LTE formula does not scale to 15-bits and is excluded from the comparison. Instead the following two formulations are used:
·  , where  and .

· 
 Figure 3  shows the CDF across individual pairs of IDs for the two alternative scrambling seed formulations and Figure 4 show histogram of the 95the percentile (similar to the previous section). The conclusions from the previous section carry-over also to the 15-bit width case, and the proposed scheme show that the correlation properties of random pairs of IDs are relatively constant if measured over time. This indicates that the proposed scheme allow extension to 15-bit scrambling ID, and that Gold-31 sequence generation works well for NR.




[bookmark: _Ref498001035][image: \\vhub.rnd.ki.sw.ericsson.se\home\ekarwer\projects\star_rs\sequence_sandbox\15bit_CDF.png]
[bookmark: _Ref498704615]Figure 3	CDF of correlation (across the symbol counter) for randomly picked scrambling ID pairs. 15 bit width of RS scrambling ID.

[image: \\vhub.rnd.ki.sw.ericsson.se\home\ekarwer\projects\star_rs\sequence_sandbox\15bit_histogram.png]
[bookmark: _Ref498001032]Figure 4	Histogram of 95th percentile of correlation across time between sequence pairs generated using the alternative seed generation formulas. 15-bit width of RS scrambling ID. 1000 pairs where evaluated.

[bookmark: _Toc498710570]Conclusions
[bookmark: _GoBack]We make the following proposals:
Proposal 1	Reuse the same length-31 Gold sequence generator as defined for LTE.
Proposal 2	The PRBS generator use the same initialization formula structure at least for CSI-RS and DMRS
Proposal 3	Define  such that reference signals of different type always have different sequence initialization independent of the UE specifically configured ID
Proposal 4	The UE specifically configured scrambling ID for CSI-RS and DMRS use 15 bits
Proposal 5	Define  for CSI-RS and DMRS such that it depends on slot and symbol indices
Proposal 6	Define  such that the scrambling ID combines non-linearly (in modulo 2 sense) with the slot and symbol counting
Proposal 7	Adopt as the PRBS initialization for DM-RS and CSI-RS
Proposal 8	 = {233, 113, 53, 29, 13, 7} for subcarrier spacings {15 kHz, 30 kHz, 60 kHz, 120 kHz, 240 kHz, 480 kHz }, respectively

[bookmark: _In-sequence_SDU_delivery][bookmark: _Toc498710571]References
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