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1. Introduction
In RAN1#49bis meeting, it was agreed that only one Zadoff-Chu (ZC) root sequence index is always signaled (implicitly or explicitly) to the UE, regardless the actual number of root sequences required in a cell [1]. The UE derives the subsequent indexes according to a pre-defined ordering. In RAN1#50 meeting, it was further agreed that the ZC sequences should be pair-wise ordered (index u and Nzc-u) [2]. Two proposals were discussed for ordering the ZC index u, one based on Cubic-Metric (CM) of ZC sequences [3] and the other on the size of high speed cells [4], but no agreement could be reached. This contribution proposes a way forward on this issue through a compromise addressing both aspects of the two proposals. The proposal goes along the lines of the hybrid approach in [13], where the following improvements have been made:

· High-speed (HS) cell size groups are based on the pre-defined cyclic shift values NCS, where a HS group can merge several NCS values so as to provide sufficient number of ZC sequences per group. This maintains a low enough CM slope within each group so that the CM gap between root sequences allocated to a cell remains small.
· In case where two NCS sets are defined in support of low and high speed cells respectively, the high-speed cell size groups are based on the pre-defined cyclic shift values NCS to be used by high-speed cells.
· The CM ordering in adjacent groups are opposite to each other such that a continuum trend of CM is followed among consecutive groups.  
2. Background
Before looking at the possible choices for ZC ordering, we first list the various aspects that influence this design.
2.1. Cyclic shift configurations

It was agreed that the cyclic shift and ZC root sequence indexes would be configured on a cell basis [6]. The cyclic shift value (or increment) NCS is taken among sixteen pre-defined values [7]. Several tables have been proposed so far but the two main approaches are described in [3] and [8]. In the following, we will use the NCS table from [3] (Table 1) as a reference, but the solution presented in this contribution for ZC sequence ordering could apply as well to another NCS table.
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Table 1: PRACH pre-defined cyclic shift values

2.2. Cyclic shift restrictions for high-speed cells

The excellent auto/cross-correlation of CS-ZC sequences allows supporting a much larger number of signature opportunities, 64, than the 16 Walsh-Hadamard opportunities offered in the current UMTS RACH preamble, and this with very little performance loss. However, the above performance assumes no or little Doppler spread or frequency shift, in presence of which, the CS-ZC sequence looses its zero-auto-correlation property. Indeed, high Doppler shifts induce correlation peaks in the receiver’s bank of correlators offset by coff(u) or N- coff(u) from the desired peak when the uth root sequence of length N is transmitted. As pointed out in [9]

 REF _Ref176681382 \n \h 
[10], the cyclic offset coff(u) depends on the root index u. Different equivalent formulas of coff(u) where derived:

coff =(N·m-1)/u                                                                               (1)
from [9], where m is the smallest positive integer for which coff is an integer. [11] further simplified it to:

coff = 1/u  mod N                                                                             (2)

The solution proposed by [9]

 REF _Ref176681382 \n \h 
[10] was adopted by RAN1 to address this issue: it consists in “masking” cyclic shift positions where side peaks are expected in the ZC root sequence. Therefore, for high speed cells where cyclic shift restrictions apply, more ZC root sequences will need to be configured compared to low-medium speed cells. Another impact of the side peaks is that they restrict the possible cyclic shift range so as to prevent from side peaks to occur within the cyclic shift region. This restriction on NCS is captured by [11]:

NCS ≤ d < (N-NCS)/2                                                                           (3)

where
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It results that, in the case where the ZC sequences are not ordered by increasing maximum tolerable high-speed cell size (see Section 3.2), there will be cases where, in a high-speed cell, some of the ZC sequences following the 1st sequence signalled by the eNodeB are not compliant with the cell radius of that cell. In which cases, these sequences are skipped.
2.3. Cubic Metric of Zadoff-Chu sequences

The cubic metric (CM) of the 838 possible ZC sequences is an important parameter to consider when allocating different ZC sequences to a cell. Indeed, as shown in Figure 1, the CM can vary by up to 2.5 dB depending on the ZC sequences used in a cell, which results in unfair detection probability depending on the signature randomly selected by the UE and reduces the overall coverage performance of the PRACH.
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Figure 1: Cubic Metric of Zadoff-Chu sequences

3. Current solutions

Four solutions have been proposed so far for ordering the ZC sequences:

· CM-based ordering [3] 

· High-speed cell size ordering [4]
· Hybrid approach 1 [13]
· Hybrid approach 2 [14]
3.1. CM-based ordering

This ordering guarantees that when multiple ZC sequences are to be used in the same cell, they have similar CM properties, which aims at providing homogeneous detection probability of all root sequences used in a cell. It also allows for a CM-based ZC sequence planning. For example, low CM ZCs can be allocated to larger cells (where cell-edge UEs will most likely have tougher propagation conditions). Figure 1-left shows the CM variation as a function of the ZC sequence index. As can be seen, if N is the ZC sequence length, the CM roughly follows an increasing trend as root sequence index increases in addition to the symmetry between the r-th and (N-r)-th sequences. As a result, the simplest ZC sequence index ordering is: 1, N-1, 2, N-2, …, r, N-r, …, 
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. Of course, a more exact ordering by increasing CM can be obtained from Figure 1-right and is given in the Annex of [3].

3.2. High-speed cell-size ordering

In high speed cells, not all ZC sequences are compatible with the cell size (i.e. NCS-HS), and the algorithm consists in incrementing the ZC sequence index, from the first index configured in the cell, until a compatible sequence index is found. Intermediate non-compatible indexes are skipped [15]. Therefore, in [4], a different ordering is proposed that guarantees that the Zadoff Chu sequences allocated to the same cell tolerate the same maximum cell size, when cyclic shift restrictions are applied, i.e. for high mobility cells. This provides the benefit of an easier sequence planning in high mobility cells.
3.3. Hybrid approach

As shown in Figure 2, the above two schemes are not compatible as is: the CM resulting from consecutive ZC sequences with high-speed cell size ordering is almost random within -1 to 2.5 dB. The same thing holds true for the maximum cell radius of high-speed cells with CM-based ordering.
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Figure 2: Cubic Metric (left) and max HS cell size (right) of ZC sequences with high-speed cell size (left) and CM (right) ordering
It results that an attractive approach is to merge both high-speed cell size and CM-based ZC ordering in order to take profit of the advantages provided by both solutions. This is proposed in [13] and [14], where ZC sequences are first classified into high-speed (HS) cell size groups and CM groups respectively, then sorted within each group by increasing CM and HS cell size respectively. In the former case, the HS cell size groups are categorized according to the pre-defined NCS values. Unlike the two other approaches that can reduce to an analytical ordering, these approaches require a LUT to store the consecutive ZC indexes. However, the small size of this table, 8380 bits, makes its inherent complexity increase insignificant in practice.
4. Proposed solution

In this contribution, we propose an improvement of the hybrid solution proposed in [13]. We do not consider the hybrid approach of [14] for the following reasons:
We have two metrics:
a) the CM,
b) the HS cell size
 
We have two hybrid methods:
1)     HS size ordering within CM groups [14]
2)     CM-based ordering within HS size groups [13]
 
For each method, the groups are mapped onto quantized values of one metric and, within the group, a simple (non-quantized) ordering is done according to the other metric. Since the HS size is already quantized by the NCS set while the CM is not quantized, then the only method that makes sense is 2). Further comparison of the two hybrid approaches is made in [17]. 
4.1. Improvement of the current hybrid solution

The hybrid approach of [13] can be summarized as follows:

First, ZC sequences are classified into G “high-speed” (HS) groups. Each HS group corresponds to a (limited) range of high-speed cell sizes. Given:

1. the direct relation between cell size and the cyclic shift value (or increment) NCS,

2. the limited set (sixteen) of NCS values (Table 1),

there are G = 16 HS groups where each HS group g is associated to an NCS value, NCS (g), in Table 1 and contains ZC sequences u(g) such that the maximum NCS value allowed in high-speed cells, NCS-HS (u(g)) resulting from (3) and (4) is bounded as:
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It should be noted that, since NCS(1) is the smaller value of NCS, then all root sequences resulting from the 1st line condition in (5) can only be used for low-speed (LS) cells.
Second, the ZC sequences in each HS group are further sorted by increasing CM. This hybrid ordering yields the resulting CM plotted in Figure 3. The number of root sequences per group is given in Table 2. As can be observed, HS group 16 is left empty, because the cyclic shift restriction rule [(3), (4)] for high-speed cells disallows the NCS value for this group.
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Figure 3: CM of ZC sequences with hybrid ordering
4.1.1. Merging groups
The hybrid ZC ordering scheme provides the benefit that consecutive ZC sequences provide similar CM properties and offer the same tolerance with respect to the size of high speed cells. However, the smooth CM slope of CM-based ordering across the total ZC sequence range (Figure 1-right) has increased because the CM-based ordering is now done on a much lower number of ZC sequences, in each HS group. Table 2 below provides, for each HS group, the maximum (left) and mean (right) CM gap between ZC sequences when N root sequences are allocated to a cell. N ranges across all possible numbers of root sequences in low-speed cells, and is taken from Table 1. The values from Table 2 are further plotted in the graphs of Figure 4. As can be observed, for small to medium cells (2 to 8 root sequences) the CM gap between subsequent root sequences is still in the ~1 dB range. For large cells (16 to 64 root sequences) the gap goes up to 2.5 dB. 
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Table 2: Maximum (left) and average (right) CM gap between ZC root sequences allocated in a cell – Current solution
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Figure 4: Maximum (left) and mean (right) CM gap between ZC root sequences allocated in a cell – Current solution
The above results show that, even considering that we do not optimize for large cells, we can further try to minimize the impact of the CM difference between root sequences of a cell on the performance of the Random Access procedure. In order to do that, it is interesting to look at the limitation of the CM-based ordering with respect to sequence planning of high-speed cells (which high-speed cell size ZC ordering is optimized for). In [4], both CM-based and high-speed cell size ordering (referred to as Alt 1 and Alt 2 respectively) are compared with respect to the re-use factor in high-speed cells. The results are duplicated in Figure 5 below and show that, with CM-based ordering, the re-use factor only becomes critical for high-speed cells larger than 10 km radius. As a result, the ZC sequence grouping according to high-speed cell size of the hybrid approach can tolerate larger NCS granularity (and therefore larger number of root sequences within a group) for small cells. We apply this by merging HS groups #2 and #3 (corresponding to NCS = 19, 26) into one HS group. In addition, the last HS group (#15) is isolated with only four root sequences, so that it also makes sense to merge it with the previous HS group #14 (corresponding to NCS = 279, 419) into one HS group. It results that ZC sequences in HS group #2 are now compliant with 209 ≤ NCS-HS < 419 and ZC sequences in the last HS group are now compliant with 26 < NCS-HS ≤ 52. We now end-up with 13 HS groups, which sizes and CM performances are shown in Table 3 and illustrated in Figure 6. As can be observed, the number of available root sequences per group is more uniform and both maximum and average CM gaps have been improved for small to medium cells from the HS groups merge.

It should be noted that merging groups does not impose using only one NCS value in this group: all NCS values can still be used. 
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Figure 5: Reuse factor comparison between Alt.1 (CM-based ordering) and Alt.2 (high-speed cell size ordering) under the cell deployment mixed high and low mobility cells (extracted from [4]).
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Table 3: Maximum and average CM gap between ZC root sequences allocated in a cell – New solution

[image: image19.emf]1

2

3

4

5

6

7

8

9

10

11

12

13

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

CM gap (dB)

Ncs Group index

2 root sequences

4 root sequences

8 root sequences

16 root sequences

32 root sequences

64 root sequences

 [image: image20.emf]1

2

3

4

5

6

7

8

9

10

11

12

13

0.0

0.5

1.0

1.5

2.0

2.5

3.0

CM gap (dB)

Ncs Group index

2 root sequences

4 root sequences

8 root sequences

16 root sequences

32 root sequences

64 root sequences


Figure 6: Maximum (left) and mean (right) CM gap between ZC root sequences allocated in a cell – New solution
4.1.2. Using High-Speed NCS to form groups
In this contribution, Table 1is taken as a reference for the limited set of cyclic shift values, NCS. This table was proposed in [3], with the criterion to minimize the number of used root sequences for low-speed cells (where no cyclic shift restriction applies, see Section 2.2). At the moment, only one NCS set is expected to be defined and used commonly in both low-speed and high-speed cells. However, this NCS set is not optimized for high-speed cells so that it makes sense to support another set of cyclic shift values, optimized for high-speed cells [16]. In case, two NCS sets are supported to distinguish low-speed and high-speed cells, since only one unique ZC sequence hybrid ordering can be defined to be used by both low and high speed cells, the HS groups must be defined according to the high-speed cell NCS set.
4.1.3. Alternate CM ordering directions in adjacent groups
Within each group, we reorder the sequences with respect to their CM values either increasingly or decreasingly. The CM ordering in adjacent groups are opposite to each other such that a continuum trend of CM is followed among consecutive groups. This ordering arrangement ensures that consecutive sequences have close CM values when allocate to a cell, such that consistent cell coverage and preamble detection can be achieved in one cell. Also sequences suffer less continuity in the CM when not allocated.
Two possible resulting CM trends are plotted in Figure 7 as a function of the new hybrid ZC indexing, depending on whether the CM is sorted by ascending or descending values in the first HS group. The maximum NCS value allowed in high-speed cells, NCS-HS, is plotted, as an example, in Figure 8, as a function of the new hybrid ZC indexing.
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Figure 7: CM versus new hybrid ordering
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Figure 8: Maximum cyclic shift in high-speed cells versus new hybrid ordering

5. Conclusion

This contribution proposes a ZC sequence ordering scheme that aims at keeping both CM and high-speed cell size properties homogeneous among (consecutive) root sequences allocated to a cell. The proposal goes along the lines of the hybrid approach in [13], where the following improvements have been made:
· High-speed (HS) cell size groups are based on the pre-defined cyclic shift values NCS, where a HS group can merge several NCS values so as to provide sufficient number of ZC sequences per group. This maintains a low enough CM slope within each group so that the CM gap between root sequences allocated to a cell remains small.
· In case where two NCS sets are defined in support of low and high speed cells respectively, the high-speed cell size groups are based on the pre-defined cyclic shift values NCS to be used by high-speed cells.
· The CM ordering in adjacent groups are opposite to each other such that a continuum trend of CM is followed among consecutive groups.
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