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1. Introduction
The current working assumption for LTE cell search scheme is as follows:

1. 5 ms timing is identified using the primary synchronization signal. Three different sequences for the primary synchronization signal are defined, and the primary synchronization signal also defines the Cell ID within a Cell group. Using the requirement on that there is a one-to-one relationship between  the cell ID and the orthogonal RS sequence, see [1], also the orthogonal RS sequence used in the cell is detected.
2. Radio timing and group ID is found from the secondary synchronization signal. Furthermore 170 Cell groups are assumed. 
3. From [1], the cell ID detected in Stage 1 also points out the orthogonal RS sequence, hence the Stage 3 is currently only used for verification purpose.

4. Decoding of BCH.

The primary and secondary synchronization signals are transmitted twice per 10 ms, see figure 1.

 

Figure 1:  Location of synchronization signals with a frame. In sub frame 0, the secondary synchronization  signal 1 is transmitted, while in sub frame 5, the secondary synchronization signal 2 is transmitted.
Furthermore, detection on whether the reference symbols are frequency hopping (the hopping pattern determined by the cell group) or not and the number of TX antennas used for BCH transmission could   be detected in Stage 2 or Stage 3 of the cell search procedure.

Another important feature, pointed out by many operators, is the inter-working between LTE and other access technologies, for instance GSM. In order for a terminal of one RAT kind (e.g. GSM) to do handover to LTE, the mobile needs to synchronize to the LTE cells, and hence do LTE cell search. As pointed out in [2], in order for a dual mode GSM/LTE terminal to do handover from GSM to LTE cells, the cell ID as well as frame timing should be able to be detected within one synchronization sub frame his puts certain requirements on the  sequence design for the secondary synchronization signal.  

In this paper we propose a sequence design for the secondary synchronization signal where the cell group, the number of TX antennas used for BCH transmission and the frame timing can be detected within a single synchronization sub-frame, i.e. 5 ms. The paper also presents a way to minimize the number of  secondary synchronization signal (sub)sequences the terminal needs to correlate to. In fact 27 (sub)sequences are needed to uniquely identify the Cell group, frame timing and number of TX antennas for BCH transmission and , therefore standard Hadamard sequences (i.e. binary sequences) of length 32 can be used. Hence, the sequence design proposed in this paper minimizes the complexity in the terminal for the second stage of the cell search procedure. 
2. Secondary synchronization signal sequence design

As described in [3] assuming the number of TX antennas for BCH could be 1 or 2, the total number of hypothesis in LTE cell search stage 2 will be 170*2=340. Whether the RS is FH or not could either be detected in stage 2 increasing the hypothesis to 680, or be blindly detected in cell search stage 3. Another solution could be to have RS FH always on, as pointed out in the paper [6]. Nevertheless, in case RS FH need to be detected, we examine in this paper whether RS FH or not should be detected in stage 2 or 3. 

The secondary synchronization signal sequence design idea we propose is as follows. First, define S1 as the secondary synchronization signal symbol in sub-frame 0 and S2 as the secondary synchronization signal symbol in sub-frame 5. Each secondary synchronization signal, which occupies 64 sub-carriers, is split into two sub-sequences, each sub-sequence occupying 32 sub-carriers. Now define a sub-sequence pair [si , sj] where the indices (i,j) uniquely define a cell group together with the number of TX antennas (and frequency hopping if needed). In order to be able to detect cell group as well as frame timing within one synchronization signal sub-frame, S1 and S2 need to be different but still include the same sub-sequence pair [si , sj]. One way to discriminate between the first and second synchronization signal sub-frame is to apply si on a first sub-carrier set and sj on a second sub-carrier set in S1 and vice versa in S2. The first and second sub-carrier set could for instance be sub-carriers (1-32) and (33-64) respectively or odd (1,3,…,63) and even (2,4,..,64) sub-carriers, see figure 2.
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Figure 2: Two different ways to map the sub-sequences on the secondary synchronization signal.  (A) The first sub-carrier set is sub-carriers 1-32, and the second sub-carrier set is sub-carriers 33-64. (B).  The first sub-carrier set consists of even sub-carriers (2,4,..,64) and the second sub-carrier set are the odd sub-carriers (1,3,…,63).

With the above mentioned secondary synchronization signal design it is possible to detect the frame timing using only one secondary synchronization signal sub-frame. For instance, if a mobile terminal determines sj on the first sub-carrier set and  si on the second sub-carrier set in one secondary synchronization signal  symbol, the terminal, by utilizing the secondary synchronization signal look-up table, knows not only the cell group but also which sub-frame was used for this secondary synchronization signal transmission – and thus the frame timing. 
The next step is to determine the (lowest) number of sub-sequences needed for discriminate between the, in total 340 (680), hypothesis. 

In the case the RS FH is detected in stage 2 one can utilize the fact that the secondary synchronization signal detection can be made in a coherent fashion and let the sign on respective secondary synchronization signal sequences (i.e. one bit of information) be used to represent whether RS FH or not. Hence, also in this case we only need to find sufficient number of sub-sequences for representing the 340 hypothesis, see figure 3. 


[image: image2]
Figure 3:   Utilizing the possibility for coherent detection of the secondary synchronization signal, signs on the  symbols of the secondary synchronization signal can be used for signaling whether the  RS is FH or not. Furthermore, Hadamard sequences of length 32 is assumed for low complexity correlation in the cell search stage 2.
In the case the RS FH is blindly detected in Stage 3, or always on, no sign detection in on the secondary synchronization signal is needed, hence also  making room for non-coherent secondary synchronization signal detection.
Utilizing the above, 340 sequences need to be defined. By using 27 Hadamard sequences, 27*26/2=351 unique cell groups including PBCH TX antenna (1 or 2) can be defined. The reduction by 2 in set size is needed to allow unique frame timing detection from just one secondary synchronization occurrence. Hence, the mobile terminal only needs to coherently correlate the first and second sub-carrier set to a total of 27 sub-sequences and then, if RS FH detection in stage 2, check the sign on the correlation result for obtaining if the RS is FH or not.
2.3. Choice of secondary synchronization sequences
With respect to the secondary synchronization sequences, low complexity is of major importance with respect to implementation in the mobile terminal. Therefore we propose Hadamard (i.e. orthogonal and binary)  sequences of length 32, to be used. 

3. Simulation Results

In this section we show some simulation results using our secondary synchronization signal sequence design proposal. The simulation assumptions follow the guidelines in [4]. 

1. In the paper [5], we propose  time domain defined BPSK pn-sequences of length 64, with optimized frequency domain characteristics (i.e. as constant amplitude as possible in the frequency domain). The reason for this is to simplify the primary synchronization signal correlation in the mobile terminal, and at the same time having good channel estimation properties for improved coherent CS Stage 2 detection. Such primary synchronization signals have been assumed in the simulations

2. The secondary synchronization signals as defined above have assumed. Furthermore,  RS FH need to be detected, both cases with (a) RS FH detected in Stage 2 and (b) RS FH blindly detected in stage 3 have been simulated, to discriminate which approach that is best.  In the (b) alternative the RSs closest to the synchronization signals have been used (i.e. RS 2 in the first slot and RS 1 in the second slot in the sync sub frame).

3. A GSM TU channel @ 120 km/h is assumed and the scenario presented below is for both neighboring cell search, i.e. the frequency error is assumed to be small (<200 Hz), which is the most important scenario in a cellular system, but also initial cell search have been examined. In the initial cell search case, a frequency error estimation technique based on hypothesis test have been used. 

4. The detection probability, in terms of the probability to do cell ID incl. TX antennas and RS FH or not detection correct in one 5 ms block is determined and the 95th percentile of the synchronization time is derived. 

5. Finally, in all simulations, one eNode B TX antenna for SCH transmission and two mobile terminal RX antennas are assumed.

The 95th percentile sync time for the two design alternatives for both non-initial and initial cell search can be seen in  figure 4.
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Figure 4: Synchronization time, the 95th percentile for the proposed design alternatives.

As can be seen in the figure, having RS FH detection in Stage 2 seems to give better performance, especially in the non-initial cell search case. The reason for this is that detecting the RS FH in Stage 3 is more sensitive to frequency error, when having the synchronization signals as phase reference. From the above we can conclude that, if not RS FH decided to be always on, whether RS is FH or not should be detected in Stage 2, preferably as signs on the secondary synchronization signal.
4. Conclusions
In this paper we have proposed a sequence design for the secondary synchronization signal where the cell group, the number of TX antennas used for BCH transmission, whether the RS is frequency hopping or not (if needed) and the frame timing can be detected within a single sub-frame of the secondary synchronization signal. By making it possible to do the entire Cell ID detection within one sub-frame it is possible for dual mode GSM/LTE terminals to do handover from GSM to LTE cells.
The paper has also presented a way to reduce the number of  secondary synchronization signal (sub)sequences the terminal needs to correlate to (2x27) for detection of cell group as well as the number of TX BCH antennas and that the sign on the secondary synchronization signal sequence is used for signal whether the RS are FH or not (if not decided to have RS FH always on). We furthermore also propose standard Hadamard sequences of length 32 to be used for the secondary synchronization signal for reduced terminal complexity reasons.
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