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1. Introduction

It was agreed in the Orlando RAN1#49bis meeting [1] that the Secondary SCH (SSCH) design is based on two interleaved M-sequences of length 31 (denoted here by S1 and S2 short codes), along with two types of scrambling: 

1. PSC (Primary Sync Code) based scrambling as in [2]
2. An additional scrambling of the S2 short-code that depends on the index of the S1 code. The details of this dependence were left open. The proposal in [3]  to have 1-to-1 tying between the scrambling and the S1 index is one possibility.
The following details of the sync channel were still left open:

· Scrambling codes for the PSC-dependent scrambling
· Mapping between 170 cell-group ID’s and SCH frame-timing to the indexes of the two short codes

· Scrambling details of the 2nd scrambling

It has been pointed out on the email reflector that the decision on the mapping and scrambling details are tightly coupled. Two major mapping-scrambling schemes appear:
1. “Swapped” mapping (proposed by Ericsson [7,8]) coupled to 2nd scrambling with 1-to-1 tying between the scrambling and the S1-index (proposed by Motorola [3]).

2. “Remapping” without (or with degenerated) 2nd scrambling, proposed by Nortel [5] and Etri [6].
In this contribution we propose a flavor of the Ericsson-Motorola “swapped-scrambled” scheme which requires a lower UE complexity than other options, and we argue that it is superior to “Remapping”.
2. Scrambling, Remapping, Collisions and Ambiguities

The reasoning for the 1st and 2nd scramblings (see e.g., [2], [3] and [4]) is to minimize the number of SSC “collisions” between cells (i.e. cells having one of the two short codes being identical). Assuming there is a PSC-specific scrambling, the remaining problem is “ambiguity” (using the terminology of [4]) when the combination of SCH’s from two cells with the same PSC generate a signal which can be interpreted as coming from a 3rd cell: I.e., if two interfering cells have the codes (S1i,S2j)  and (S1k,S2m), then, if these cells have the same PSC (and therefore the SSC’s of both are scrambled the same way), neighbor-cell-search may misdetect also the index pairs (S1i,S2m) and (S1k,S2j). Although with a proper network planning an interference of two cells with the same PSC should be a rare event, it has been proposed to avoid this situation by scrambling the S2 code with a scrambling code that is specific to the index of the S1 code. 
2nd scrambling as proposed in [3] indeed solves the ambiguity problem but increases the UE complexity: The scoring of the 2nd short code hypotheses (possibly implemented by a Hadamard transform) has to be repeated for each hypothesis of the S1 code, because each different hypothesis of the S1 code implies a different unscrambling prior to the Hadamard. Thus, it has been proposed by many (e.g., [5], [6], [7]) to reduce the number of 2nd scrambling codes by sharing the same scrambling between several S1 indexes.

It has been pointed out on the email reflector that the scrambling method and its effectiveness in reducing ambiguities is tightly coupled to the mapping method, i.e., mapping the 170 group ID’s and the two frame-timings (1st and 2nd SSCH symbol in the frame) unto the indexes of the S1/S2 codes. Two types of mapping have been proposed: “Remapping” [5], [6] and “Swapping” [7], [8].

The “swapped” mapping in [7] and [8] encodes frame-timing by swapping the S1 and S2 segments in each alternate SSCH symbol (see figure 1).  The mapping to the S1/S2 indexes  is such that 170 ID’s are mapped unto 170 unique pairs of S1 & S2 indexes. For example, in [8] the proposal is to have a subset of 18 indexes for the S1 code and 19 for the S2 code. Then, for example, we choose indexes i=0-17; j=0-18, and form all possible 171 unique pairs (i<j). Frame-timing is then identified by detecting the S1,S2 indexes. 

The “Swapping” scheme allows easy accumulation of successive SCH symbols for improved detection: The receiver accumlates SCH symbols (after equalization) into a single accumulator where each alternate SCH is swapped (between the S1 and S2 segments) prior to the accumulation.

However, the “swapped” mapping does not solve the ambiguity problem. Therefore, 2nd scrambling has been proposed also in [8]. The 18x19 mapping has been proposed also with the 2nd scrambling, which requires 18 scrambling codes, one for each S1 index.

“Remapping” [5],[6] has an advantage over non-scrambled “swapping” because it reduces the ambiguity problem and therefore may not require 2nd scrambling. With “remapping”, the SSC mapping for the second S-SCH symbol in each 10ms frame is altered to avoid collision in both S-SCH symbols. The frame-timing is encoded by the two timings being mapped into disjoint sets of (S1, S2) index pairs. Remapping reduces the ambiguities if the receiver has access to successive SSCH symbols. However, there are two caveats to “remapping”: 

· UE’s in a non-LTE mode (say, GSM) and searching for LTE cells may not have access to successive SCH’s. Therefore, the ambiguity problem may still exist for non-LTE UE’s. The “remapping” advocates have included a “diluted” 2nd scrambling to reduce this problem, but this cure increases the UE complexity.
· “Remapping” has a toll on the UE complexity (even w/o 2nd scrambling) when accumulating successive SCH’s: In the receiver, alternate-time SCH symbols will have to be accumulated separately in two different accumulators because there is no index-independent rule that maps between the two successive SCH’s. Then, two detection operations (one for S1, one for S2) will be performed on each buffer, and only then the multiple hypotheses will be scored to come up with the group-ID and frame-timing result. 

3. 6x29 “Swapped-scrambled” mapping

We propose the following flavor of the “swapped” mapping, depicted in figure 1:

1. Group ID’s are mapped into 6x29 (S1,S2) pairs, composed of 6 S1 codes and 29 S2 codes. The S1,S2 indexes are mapped to the ID’s as follows:
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2. Six 2nd scrambling codes are tied to the six S1 indexes. 

3. Frame-timing is detected by identifying the non-scrambled segment. We note that with 2nd scrambling of the S2-code, the “swapped” mapping is not restricted to the type of mapping proposed in [7], i.e., 170 unique index-pairs.

4. The six S1-indexes are tied to the six frequency-shifts of the downlink Reference Signals. Because the network will be planned such that neighbor cell-groups have different RS frequency-shifts, the result would be that neighbor cells will also have different S1 codes. With 2nd scrambling it implies that there will be no collisions or ambiguities between interfering cells.

5. Because the above scheme supports 6x29 = 174 group ID’s, we propose to increase the number of group ID’s to 174. This will remove the non-elegant situation mentioned on the email reflector, where with 170 ID’s the number of groups-ID’s for each RS-shift is not constant (i.e., the 6th shift has 25 groups compared to 29 for all the rest). This ammendment is a byproduct of the proposed mapping but not an essential component of it.
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Figure 1: The “swapped” method for encoding frame-timing. The 31-long S1   short code  (blue sub-carriers) is mapped on the even sub-carrier index in sub-frame # 0 while on the odd sub-carrier index in sub-frame #5. The opposite holds for the 31-long S2 short code  (red sub-carriers). The  6x29 mapping proposed here is the mapping of  170 ID’s on 6 S1 codes and 29 S2 codes.
The advantage of the 6x29 mapping compared to the 18x19 mapping in [8] is that it has a smaller number of 2nd scrambling codes (6 compared to 18).  Another option of reducing the number of scrambling codes is to use the 18x19 mapping while tying triplets of S1-indexes to 6 scrambling codes. However, this will not fully resolve the ambiguity problem when cells within the triplets interfere with each other.

Alternatively, if (as some proposed) the number of ID’s is reduced to 168, the scheme reduces to 6x28. 

4. Diagonal mapping
An alternative to the 6x29 mapping which requires 6  scrambling codes  is a diagonal mapping. With 2nd scrambling frame-timing is detected by identifying the non-scrambled segment, therefore we again note that the diagonal mapping is not restricted to the constraint i < j.  We therefore propose the following simple diagonal mapping, where the following (Si,Sj) pairs are used:




Accumulaed # ID’s

i = 0, j = 0 to 5

6

i = 1, j = 1 to 6

12

…

i = 5, j = 5 to 11

…

i = n, j = n  to  n+5
….

…

i = 25, j = 25 to 30
156

i = 26, j = 26 to 30
161

i = 27, j = 27 to 30
165

i = 28, j = 28 to 30
168

i = 29, j = 29 to 30
170

Then, 6 scrambling codes are 1-1 associated with mod(n,6). In this scheme all (Si,Sj) pairs have either different both Si and Sj, or, if they share the same Sj, they have a different scrambling. The formula for translating (i,j)  to cell ID has a simple form up to i=26:
ID = 5i + j
And a simple expression can be formulated for i=27,28,29.
5. Scrambling Codes

5.1. PSC-specific scrambling of S1 and S2
We recommend the M-sequences proposed in [9], derived from the polynomial x5 + x3 + x2 + x + 1, for this scrambling because of two reasons:

1. M-sequence codes result in low cross correlation between cells of the same cell-group. 
2. Scrambling should minimize the highest cross-correlation between any two possible pairs of different scrambled short-codes. Because a product of two M-sequences from a given family (i.e., a primitive polynomial) result in another M-sequence from the same family, good candidates for scrambling codes would be M-sequences from another family than that used for the short-codes (i.e., x5+x2+1). Four M-sequence families comprise good scrambling codes, yielding a small maximal cross correlation between any pair of scrambled short codes. We picked one of them,  x5 + x3 + x2 + x + 1. Details are given in the appendix.
We therefore choose for P0 , P1,  P2   any three M sequences from the x5 + x3 + x2 + x + 1 family, say the first three:

P0 = {-1,1,-1,-1,1,1,-1,-1,-1,-1,1,-1,1,1,-1,1,-1,1,-1,-1,-1,1,1,1,-1,1,1,1,1,1,-1}

P1 = {-1,-1,1,-1,-1,1,1,-1,-1,-1,-1,1,-1,1,1,-1,1,-1,1,-1,-1,-1,1,1,1,-1,1,1,1,1,1}

P2 = {1,-1,-1,1,-1,-1,1,1,-1,-1,-1,-1,1,-1,1,1,-1,1,-1,1,-1,-1,-1,1,1,1,-1,1,1,1,1}
The same code is used to scramble both S1 and s2 short codes.

5.2. S1-specific scrambling of S2
For the scrambling of the 2nd short code we repeat a similar argument. Denote by SCR1n  n=0,..,N-1   the N desired scrambling codes that are tied to the S1 index. Then, if any product  Pi 
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SCR1m  is also a member of the same x5 + x3 + x2 + x + 1 family, then we are guaranteed to have a low cross correlation between any of the scrambled S2 sequences. This constraint on SCR1 is achieved by choosing SCR1 to be selected from other members of the x5 + x3 + x2 + x + 1 family (and multiplied by -1). These members should be selected in such a way that the resulting Pi 
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SCR1m produce 3N distinct codes. If N is significantly smaller than 31/3 then there are many such possible sets. For example, for N=6 one such set is the the indexe set {3,4,5,6,9,12}. The produced 3x6=18 sequences of the products Pi
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SCR1k  are distinct members of the x5 + x3 + x2 + x + 1 family, guaranteeing low cross-correltions between any scrambled S2 sequences.
This choice has an additional benefit that all 9 scrambling codes are generated from the same polynomial, saving complexity.

6. Neighbor Cell Search Simulation
In the following simulations the SCH codes and parameters follow the working assumption in [1] and the latest 36.211.
6.1. The effect of ambiguity: Two cells with same PSC
Figure 1 demonstrates the effects of collision and ambiguity for the 6x29 mapping. Collision happens when the 1st short code (S1) is similar between nearby cells (of same PSC).  Ambiguity occurs when both short codes are different and there is no 2nd scrambling. 

Two cells with same PSC are simulated with 6 dB relative power. All other cells are simulated by AWGN at 0 dB relative to the stronger cell. Successful detection means that the weaker (-6 dB) cell scored second among the two strongest cells, and its timing was within +/- CP/2 of the correct timing. Frame-timing was assumed to be known.
We see that collision enhances the performance rather than degrades it, and there is no need for 2nd scrambling. Only when both short codes are different, then, without 2nd scrambling the ambiguity hurts performance severely. Therefore we conclude that the 6x29 scheme would be superior to 18x19 with “diluted” scrambling codes, because in the latter case there will be cases of ambiguity (although with proper planning they will be rare).
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Figure 1: Detection time for a neighbor cell 6 dB below the serving cell. Both cells have the same PSC. All other cells are modelled by AWGN at 0dB relative to the serving cell. The S1  short code of the two cells is same or different, and results are shown with and without 2nd (S1-dependent) scrambling. Frame timing and CP are assumed to be known. Channel is TU 30 kmh.
In figure 2 we compare the 6x29 proposed scheme to the  Remapping scheme  ([5] without 2nd scrambling) for the same scenario. When two SCH symbols are accumulated, then remapping and “6x29 swapped- scrambled” perform equally alike. However, when only a single SCH can be used, the remapping scheme, which cannot resolve the ambiguity from only one SCH symbol, is inferior.
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Figure 2: Time to detect  a -6dB neighbor cell with two shcemes: “6x29 swapped-scrambled”  vs. “Remapping” [5, using the remapping formula]. Left: using two SCH symbols. Right: using one SCH symbol. Frame timing is not known. Channel is TU 30 kmh.
6.2. Joint vs. Sequential detection

It has been argued in [12] that joint detection of the two short codes is superior to sequential detection, and that 2nd scrambling complicates the joint detection because it requires a dedicated unscrambling of 2nd code for every candidate of the 1st code.

We compare the loss due to sequential detection of two schemes: the proposed 6x29, and a 18x19 scheme where the mapping is according to the rule 

index(S2) > index(S1)

Figure 4 shows simulation results for the 6x29 scheme and 18x19 schemes.  A single cell with AWGN interference is simulated. Four SSCH symbols are accumulated (over 20 ms), and correct detection is defined by the correct cell scoring highest. We observe no loss for sequential detection compared to joint in the 6x29 scheme, whereas 18x19 with sequential decoding performs 0.3 dB worse than 6x29..
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Figure 4: Detection probability:  sequential vs. joint  detection of S1 and S2. left: one SSCH. Right: accumulating 4 SSCH symbols.
6.3. Multi-cell search, synchronous network
Neighbour cell-search is simulated for a cell-edge UE in a multi-cell network. The simulated network layout is shown in figure 5. Six cells were explicitly simulated while the rest of the network was simulated by AWGN. 
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Figure 5: simulated network layout

The following parameters were motivated by geometry and antenna pattern calculation:
	Cell#
	1
	2
	3
	4
	5
	6

	Cell-group
	A
	B
	B
	C
	D
	E

	PSC index
	0
	1
	2
	2
	1
	1

	Relative delay [usec]
	0
	0
	0
	1
	1
	1

	Relative received Power [dB]  
	0
	-6
	-8
	-11
	-11
	-17

	Noise (all other cells) relative power [dB]
	-9

	Channel
	TU 30 kmh

	Number of accumulated SCH’s
	2


Table 1: 6-cell parameters

Cell-group ID’s were chosen such that for the 18x19 and remapping [5] schemes all cells would map unto different S1 and S2 codes, whereas for the 6x29 mapping cell-groups C and D have the same S1. Note that in this layout there are no strongly interfering cells with same PSC, so this simulation does not test the effectiveness of any of the mapping schemes to resolve ambiguity problems.
Figure 6 shows the probability to detect each one of the simulated cells, where a correct detection of a given cell is defined by the said cell scoring amongst the four strongest cells. Overall, we don’t observe a significant performance difference between the three schemes.
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Figure 6: probability to detect the 6 simulated cells.

7. Conclusions

We described two flavors of of the Ericsson-Motorola “swapped-scrambled” mapping scheme, both having advantages over the “remapping “ scheme or an 18x19 scheme with respect to UE complexity. We also described a method for selecting good scrambling codes and gave a specific example.
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9. Appendix

9.1. Short-code scrambling
The following M-seq families have small cross correlation with the SSC M-seq short-code family (X^5+X^2+1). A family contains 31 cyclic shifts of the sample sequence below:

Polynomial = X^5+X^3+X^2+x+1

-1  1 -1 -1  1  1 -1 -1 -1 -1  1 -1  1  1 -1  1 -1  1 -1 -1 -1  1  1  1 -1  1  1  1  1  1 -1

Polynomial = X^5+X^4+X^3+X+1

1  1 -1 -1  1  1  1 -1 -1 -1 -1  1  1 -1  1 -1  1 -1 -1  1 -1 -1 -1  1 -1  1  1  1  1  1 -1

Polynomial = X^5+X^4+X^2+X+1

1 -1 -1 -1  1 -1 -1  1 -1  1 -1  1  1 -1 -1 -1 -1  1  1  1 -1 -1  1  1 -1  1  1  1  1  1 -1

Polynomial = X^5+X^4+X^3+X^2+1

1  1  1 -1 -1 -1  1 -1  1 -1  1  1 -1  1 -1 -1 -1 -1  1  1 -1 -1  1 -1 -1  1  1  1  1  1 -1

Denote by Sk and Sm two S1 short codes of two different cell-groups, and by P0 , P1 ,  P2  the three scrambling codes that correspond to 3 PSC’s. Then, it is desired to minimize the maximum of the cross correlation between 

Sk 
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Pi   and  Sm 
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Pj  for every k,m,i,j (where 
[image: image15.wmf]Ä

denotes an element-by-element product). I.e., find P sequences that minimize 

Xcorr = sum-over-elements { Sk 
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Pi   
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  Sm 
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Pj  }

Now, Mseq of the same family have the property that:

Sk 
[image: image19.wmf]Ä

Sm   =  −Sr  

Where Sr is another member of the family. If we choose the P scrambling codes to belong to another Mseq family, we also get  Pi 
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Pj   = Pq  Where Pq is another member of the Mseq family the P’s belong to.

Then, we note that

Xcorr = sum-over-elements { Sk 
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Pi   
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  Sm 
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Pj  } = sum-over-elements { Sk 
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Sm   
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  Pj 
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Pi   }

= sum-over-elements { Sr 
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Pq }

Now, the maximum cross correlation between any two sequences which are members of the above chosen M-sequence families, is guaranteed to be below 7. 
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