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1. Introduction

According to the agreements taken at RAN1 #48bis meeting the Primary Synchronization Signal (P-SCH) in LTE is based on Zadoff-Chu (ZC) sequences. This contribution analyzes this design choice with respect to its behavior at large frequency offsets. A P-SCH signal working well under these conditions is presented and performance results for both initial and neighbor cell search are shown.

2. The Problem of High Frequency Offsets

During the design of the random access channel for LTE  – where the preamble is also based on ZC sequences – it was pointed out that this sequence class leads to very inaccurate  timing estimations in the presence of large frequency offsets.  Even though the reason of large frequency offsets is different between random access and initial cell search – for the first the main contributor is a wrong frequency estimate based on high Doppler frequencies whereas for the latter the main source is an unknown initial frequency error of the UE local oscillator – are effects comparable.

In the following a ZC sequence of length N (N odd) and sequence index u is defined as 

Zu(k) = exp(-j·π/N·u·k·(k+1)) , k = 0, 1, …, N-1.

It is assumed that the ZC sequence is mapped in frequency-domain to the OFDM subcarriers and an IFFT is performed to obtain the actual transmitted signal. 

Contribution ‎[1] analyzed the periodic auto-correlation function of a ZC based sequence in the presence of large frequency offsets. In the ideal case such a sequence posses an ideal periodic auto-correlation function, i.e. a single peak at lag zero and otherwise zero. ‎[1] shows that in addition to the main correlation peak also secondary correlation peaks occur. The position of these secondary peaks is ±u relative to the main correlation peak depending on the sign of the frequency offset. The index u is the index of the ZC sequence that is mapped to the OFDM subcarriers. The amplitude of the secondary correlation peaks is determined by the amount of the frequency offset.  Figure 1 schematically depicts the auto-correlation function with the main peak at 0 and the undesired peak at ±u. 
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Figure 1: Schematic picture of the periodic auto-correlation function. The main correlation peak occurs at lag 0 and secondary correlation peaks occur at ±u depending on the sign of the frequency offset.

Even though we focused so far on the periodic auto-correlation functions the principal result is also valid for the a-periodic auto-correlation function. The output of a matched filter is typically the a-periodic auto-correlation function and according to the current RAN1 working assumptions is P-SCH detection done via matched filtering.  Figure 2 shows the a-periodic auto-correlation function obtained from the sequence

Z5(k) = exp(-j·π/71·5·k·(k+1)), k = 0, 1, …, 70,

i.e. a ZC sequence of length 71, applied in frequency-domain and subsequently transformed into time-domain via an IFFT of length 128. The secondary correlation peak can be observed at -9 which is -round(5·128/71), the conversion factor 128/71 stems from the oversampling implicitly performed by the IFFT of length 128.  
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Figure 2: A-periodic auto-correlation function of the sequence Z5(k) applied in frequency-domain and transformed into time-domain via an IFFT of length 128. The assumed frequency offset is half a subcarrier bandwidth. 

The secondary correlation peaks lead to a wrong timing estimation and subsequently secondary synchronization signal detection is attempted at a wrong time leading to increased cell search times.

3. Primary Synchronization Signal Design

The P-SCH design proposed here is a ZC sequence of length 71 mapped to the OFDM subcarriers and subsequently transformed into time-domain via the OFDM modulation.  The lower 35 sequence elements are mapped above the DC subcarrier and the remaining 36 elements are mapped to the subcarrier below DC.

In ‎[3] an optimization criterion was presented that minimizes the a-periodic cross-correlation between the 3 different P-SCH signals. This criterion should minimize the risk that cross-correlation peaks are mistaken for auto-correlation peaks and the cell search algorithm proceeds into stage 2, i.e. detection of the secondary synchronization signal.  Using this criteria the triple (1, 5, 70) is proposed for the 3 P-SCH.

In this contribution we extend above mentioned criteria to also include secondary peaks in the a-periodic auto-correlation function in the presence of frequency errors. Instead of just looking at the cross-correlation in each sequence triple we look at the sum of cross-correlation and auto-correlation , i.e. for each possible sequence triple we calculate max{Rxy(n) + 0.5·Rxx(n) + 0.5·Ryy(n), Rxz(n) + 0.5·Rxx(n) + 0.5·Rzz(n), Ryz(n) + 0.5·Ryy(n) + 0.5·Rzz(n)} and select that triple that minimizes above expression. The maximum function is taken over time and also over the set elements. The correlation functions Rxy(n), Rxz(n), Ryz(n), Rxx(n), Ryy(n), and Rzz(n) are a-periodic cross- and auto-correlation functions of the sequences constituting a triple averaged over multiple frequency errors. This averaging over different frequency errors is performed since we want to find that sequence triple that also performs well with frequency error and not only in case without frequency error. In the autocorrelation functions the main peaks are furthermore nulled since this is the desired peak and should therefore be of course excluded from above minimization. 

Application of this optimization criteria results in the ZC sequences (applied to the subcarriers in frequency-domain) with indices (32, 33, 43).

4. Simulation Results

In this section we compare the found sequence triple (32, 33, 43) with the triple (1, 5, 70) which has been reported in ‎[3] is the triple that minimizes the maximum cross-correlation within the triple. 

We compare the detection probability that cell search is completed within a 5 ms synchronization frame (i.e. using only a single synchronization signal occurrence) as well as 95 % cell search times. Successful cell search is defined as the correct acquisition of timing, frame timing, cell ID (cell group ID plus ID within group), and a 1-bit information regarding antenna setup for P-BCH transmission. 

The Secondary Synchronization Signal (S-SCH) design follows the agreement RAN1 took during the last meetings which are shortly summarized here: 

1. Radio timing and group ID is found from the S-SCH. 

2. 170 Cell groups are assumed. 

3. The S-SCH should be binary based and consists of a concatenation of two short codes. 

4. If a non-transparent TX diversity scheme for BCH is used, that should be detected in stage 2 of the cell search procedure (1 bit), increasing the total number of hypothesis to 340. However if a transparent TX diversity scheme is used, there is no need for determining such information.

A detailed description of the used S-SCH can be found in ‎[4] but consists in brief of two interleaved Hadamard sub-sequences of length 32. The order of these two sub-sequences indicates the frame timing. In addition to the cell group ID also a 1-bit information regarding antenna setup for P-BCH transmission is encoded into the secondary synchronization signal.  Table 1 lists the most important simulation parameter.

Table 1: Simulation assumptions. 

	Parameter
	

	Placement of P-SCH and S-SCH
	Figure 2 in ‎[2]

	Number of P-SCH sequences
	3

	P-SCH design
	ZC sequence of length 71 in frequency-domain, with ZC indices (1, 5, 70) or (32, 33, 43) 

	P-SCH detection
	Time-domain correlation for each P-SCH sequence, the matched filters are quantized to 1 bit I/Q, frequency error detection based on hypothesis testing for initial cell search

	Number of S-SCH sequences
	170

	S-SCH design
	2 interleaved Hadamard sequences of length 32, ‎[4]

	S-SCH detection
	Coherent

	Number of total cell IDs
	510

	Additional information encoded in S-SCH
	1-bit information regarding antennas setup for P-BCH 

	System bandwidth
	1.25 MHz

	Channel model
	TU GSM @ 120 km/h

	Frequency offset
	Initial cell search: ±20 kHz uniformly distributed, neighbor cell search: ±200 Hz uniformly distributed

	Number of TX antennas
	1

	Number of RX antennas
	2


Figure 3 compares the detection probability of successful cell search for both P-SCH sequence triples. Both initial and neighbor cell search performance are plotted. For initial cell search the frequency error is set to ±20 kHz whereas for neighbor cell search a frequency error of less than 200 Hz is assumed. The corresponding 95 % cell search times are plotted in Figure 4.

From both figures can be seen that the proposed sequence triple (32, 33, 43) clearly outperforms the triple (1, 5, 72) for initial cell search. Even for neighbor cell search shows the proposed solution a better performance at low SNR compared to the proposal (1, 5, 70)
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Figure 3: Detection probability for successful cell search within a 5 ms synchronization frame.  
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Figure 4: 95th percentile cell search times.  

5. Conclusions

In this contribution we discuss the impact of high frequency offset on the detection performance of P-SCH signals that are based on ZC sequences in frequency-domain. Similar to RACH the P-SCH matched filter output shows undesired secondary correlation peaks.  A simple optimization criterion is presented to select that triple of ZC sequences that performs well even in case of high frequency offsets. The outcome of this optimization is simulated for both initial and neighbor cell search and it is shown that it outperforms previously proposed sequences for initial cell search and has similar performance for neighbor cell search. It is proposed to adopt the presented P-SCH design for LTE.
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